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PREFACE 


This  report,  comprising  the  doctoral  thesis  of  Louis  Baker,  Jr., 
represents  a study  of  ignition  delay  -when  fuels  and  oxidants  are  contacted, 
■with  special  emphasis  on  mixing.  The  report  includes  the  design  of  an 
apparatus  to  contact  the  reactants  rapidly,  to  mix  efficiently,  and  to 
record  ignition  as  a function  of  time.  As  mixing  cannot  be  studied  solely 
as  a function  of  ignition,  the  apparatus  also  permits  measurement  of  the 
injection  rate  and  the  change  in  pressure  with  time. 

The  systems  studied  were  hydrazine  and  nitric  acid;  hydrazine, 
ammonia  and  nitric  acid;  aniline  and  nitric  acid;  and  hydrazine  and  hydrogen 
peroxide. 


In  the  event  that  the  design  details  of  the  reactor  are  of  inter- 
est to  other  workers  in  this  field,  copies  of  the  detailed  working  drawings 
may  be  obtained  at  a nominal  cost  from  the  Department  of  Chemistry  of 
Illinois  Institute  of  Technology,  upon  request  to  the  Office  of  Naval 
Research,  Chicago  Branch  Office. 
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A constant  volume  reactor  was  designed  in  which  it  was  possible  to 
contact  and  mix  nearly  equal  quantities  of  two  liquid  reactants  in  a few 
milliseconds.  The  apparatus  was  suited  for  the  study  of  self-igniting 
fuel-oxidant  mixtures.  It  was  possible  to  vary  the  reactant  ratio,  the 
mixing  pattern,  and  the  ambient  temperature. 

The  reactions  were  studied  by  four  techniques  s (1)  simultaneous 
measurement  of  the  transient  pressure  and  the  light  emitted  by  the 
reacting  mixture,  (2)  simultaneous  measurement  of  the  transient  pressure 
and  the  injection  rate,  (3)  measurement  of  the  final  pressure  of  the 
product  gases,  and  (U)  chemical  analysis  of  the  reaction  products. 

The  transient  pressure  measurements  were  made  by  means  of  a strain 
gage,  the  output  of  which  was  amplified  electronically  by  a method  due 
to  McKinney.  The  light  emission  measurements  were  made  by  means  of 
three  photoelectric  circuits}  each  employed  a vacuum  phototube  as  the 
sensing  device.  The  injection  rate  was  measured  by  a photoelectric 
timer.  The  data  from  the  electronic  measurements  were  recorded  on  film 
by  photographing  the  screens  of  two  oscilloscopes  simultaneously. 

The  transient  pressure  was  found  to  oscillate  about  a mean  value 
during  the  early  stages  of  a reaction.  It  was  found  necessary  to 
attenuate  the  vibrations  by  placing  obstructions  in  the  piping  connect- 
ing the  strain  gage  with  the  reactor.  It  was  suggested  that  the 
phenomenon  might  set  an  upper  limit  to  the  speed  with  which  chemical 
reactions  may  be  followed  by  measuring  their  pressure. 

The  reactions  studied  were:  (1)  the  reaction  of  sodium-potassium 

alloy  with  water  and  ethanol,  (2)  the  reaction  of  hydrazine  with  nitric 


vi 


acid,  (3)  the  reaction  of  aniline  tilth  nitric  acid,  (U)  the  reaction  of 
{ 1 hydras ine  with  hydrogen  peroxide,  and  {$)  the  reaction  of  hydrazine, 

liquid  ammonia  mixtures  tilth  nitric  acid. 

The  two  pressure  peaks  observed  by  McKinney  for  the  reaction  of 
sodium-potassium  alloy  tilth  excess  water  in  McKinney's  reactor  tiers  ex- 
plained in  terms  of  inefficient  mixing  and  an  explosion  occurring  between 
the  hydrogen  produced  by  the  reaction  and  oxygen  originally  present  in  the 
reactor  atmosphere.  The  reaction  of  equal  quantities  of  the  reactants 
showed  only  a single  pressure  peak  corresponding  to  the  simultaneous 
evolution  of  hydrogen  and  the  hydrogen,  oxygen  explosion. 

The  ignition  delays  of  the  fuel-oxidant  systems  were  measured  and 
found  to  be  less  than  three  milliseconds  for  every  reaction  studied.  The 
delays  were  lower  than  those  reported  by  other  investigators  who  employed 
mixing  methods  where  the  efficiency  of  mixing  was  most  uncertain.  The 

( 

short  delays  were  attributed  to  (1)  the  rapid  rate  of  mixing  in  the  appar- 
atus and  (2)  the  impact  and  turbulence  associated  with  the  mixing  process. 

There  was  a negligible  effect  of  the  reaction  temperature  or  of  the 
hydrazine  concentration  on  the  ignition  delay  of  the  reaction  of  nitric 
acid  with  liquid  ammonia,  hydrazine  mixtures.  This  result  was  more 
indicative  of  ignition  by  impact  than  it  was  of  ignition  controlled  by 
the  rate  of  a homogeneous  chemical  reaction. 

An  analysis  of  the  products  of  several  reactant  ratios  of  the 
hydrazine,  nitric  acid  reaction  was  made.  The  results  were  compared 
to  the  products  expected  from  thermodynamic  considerations.  It  was 
shown  that  the  reaction  had  been  quenched  short  of  completion.  The 
observed  products  have  been  discussed  in  terms  of  the  possible  inter- 
mediate stages  of  the  reaction. 
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CHAPTER  I 
DfTRODUCTIOM 

Certain  liquid  foals  when  brought  into  contact  with  strong  oxidising 
agents  will  ignite  spontaneously.  The  ignition  of  such  systems  may  take 
place  instantaneously  when  the  liquids  are  first  brought  into  contact  or 
there  nay  be  a tine  delay,  host  of  the  studies  of  the  ignition  delay  in 
such  systems  hare  employed  methods  designed  to  simulate  conditions  net  in 
a rockat  not  or.  In  a typical  rocket  motor  the  two  reactants  are  contacted 
by  the  impingement  of  a number  of  fuel  and  oxidant  streams  in  a relatively 
unconfined  area.  By  such  measurements  it  does  not  soem  possible  to 
differentiate  between  the  delay  created  by  the  time  required  to  achieve 
efficient  mixing  and  the  delay  caused  by  an  actual  chemical  induction 
period. 

Methods  have  been  drviaed  to  achieve  the  complete  mixing  of  useful 
amounts  of  two  liquids  in  a sexy  short  tide.  The  work  of  Roughton,1* 
Chance2  and  McKinney*  has  proven  conclusively  that  it  is  possible  to 
effect  the  complete  intermixing  of  two  liquids  and  begin  observation  of 
the  resulting  mixture  only  a few  msec,  (milliseconds)  after  the  initial 
contact.  These  methods  heme  never  been  applied  to  the  study  of  the 
Ignition  of  fuel-oxidant  mixtures.  The  present  research  is  an  attempt 
to  apply  the  miring  methods  of  Roughton,  Chance  and  McKinney  to  the 
problem  of  the  self-ignition  of  fuel- oxidant  systems  and  to  study  the 
associated  explosive  reactions. 

The  system,  nitrie  acid  - hydrasime,  is  of  particular  interest. 

This  reaction  was  chosen  as  the  main  subject  of  the  present  research. 

*Por  all  numbered  referenoae,  see  bibliography. 
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It  was  believed  that  the  use  of  an  inorganic  fuel  would  be  acre  suitable 
for  an  exploratory  study  of  this  nature. 

Reactions  of  gydraaine  and  Nitric  Acid 

There  appears  to  be  very  little  information  in  the  literature  regard- 
ing the  reaction  between  concentrated  solutions  of  hydrasine  and  nitric 
acid.  Dilute  solutions  of  the  two  will  react  to  form  the  salt  hydrasine 
nitrate  which  can  be  crystallized  from  the  aqueous  solution.  Both  a 
mononitrate  and  a dinitrate  exist.  The  mononitrate  is  quite  stable.  It 
has  been  heated  to  300°C  without  decomposition.^  The  stoichiometry  of 

the  thermal  decomposition  of  the  mononitrate  is  not  fully  understood. 
c 

Hodgkins  car  found  deco^csitic^  to  nitrogen,  nitric  oxide  and  water  in  a 
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vacuum  at  200°;  Keenan  found  nitrous  oxide  to  be  one  of  the  principal 
products.  Rydrasine  nitrate  has  been  found  to  be  much  more  susceptible 
to  explosion  titan  ammonium  nitrate.  When  hydrasine  nitrate  is  heated 
with  dilute  sulfuric  acid  some  hydrogen  aside  is  formed. ^ The  oxidation 
of  hydrasine  sulfate  with  strong  nitric  acid  has  also  been  shown  to 
yield  some  hydrogen  aside. ^ 


The  oxidation  of  hydrasine  in  dilute  aqueous  solutions  has  been  the 
subject  of  many  investigations.  The  oxidation  by  hydrogen  peroxide  has 
been  shown  to  yield  hydrogen  azide  under  certain  conditions  along  with 
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nitrogen  and  water.  Gordon  in  a recent  kinetic  study  has  proposed  the 
following  mechanism  for  the  oxidation  in  dilute  alkaline  solution: 


(1)  a. 
b. 


H2H^0H  + HgOg  HgH^OOH  + HgO 

ligH^OOH  HgHg  + 2 H2O 

Mglg  + HgOg  H2  + HgO 


c 


The  salt  H^H^OOH  is  an  unstable  intermediate,  the  decomposition  of  which 

is  the  rate  determining  step.  The  subsequent  oxidation  of  the  diiadde 

is  supposed  to  be  very  rapid.  In  this  study  Gordon  found  no  hydrogen 

azide  or  ammonia  in  the  reaction  mixture. 

Oxidizing  agents  which  can  react  with  acidic  solutions  of  hydrazine 

go 

can  be  grouped  into  three  categories:  * 7 (1)  those  that  accept  only  one 

electron,  (2)  those  that  accept  two  electrons,  and  (3)  those  involving 
a stepwise  oxidation  through  several  intermediates  in  which  both  one  and 
two  electrons  are  transferred.  It  has  been  found  that  hydrogen  aside  ia 
formed"  only  in  reactions  involving  group  (2)  or  (3)  oxidising  agents. 

Both  nitric  acid  and  hydrogen  peroxide  are  in  one  of  these  two  groups 
because  of  their  known  tendency  to  form  hydrogen  azide.  Oxidising  agents 
of  group  (l)  such  ae  cupric  ion  or  ferric  ion  are  supposed  to  react 
according  to  the  following  scheme: 

(2)  a.  ¥pH£+  — > H2H3  + 2 if  + e” 

b.  2 I2H3  > NjjHg 

c.  MjjHg  » Hg  + 2 II3 

In  the  aotual  reaction  studies  t^  ratlo.of  nitrogen  to  aanonia  may 
deviate  cansidBrably.  from  .that. indies, tmi  by  Eq,  2c  because  of  side  reac- 
tions characteristic  of  the  particular  oxidizing  agent*  Oxidizing  agents 
of  group  (2)  are  thought  to  react  through  the  diisdde  radical  according 
to  Eq.  3s 

(3)  M2H^+  > NgHg  + 3 tf*  + 2 e~ 

The  diimide  radicals  can  condense  with  each  other  or  with  hydrazine  to 
form  higher  hydronitrogens  some  of  which  can  decompose  to  yield  hydrogen 
azide  as  well  as  ammonia  and  nitrogen.  Tetrazene  is  the  most  logical 


hydronitrogen  to  be  formed  from  diimide  radicals.  Triasene  ceroid  concajv- 
ably  be  formed  from  one  diinide  radical  and  an  imide  radical  resulting 
from  the  possible  dissociation  of  diinide.  The  only  known  organic  hydro- 
nitrogen  that  can  decompose  to  yield  derivatives  of  hydrogen  aside  are 
the  isotetrasenes.  It  is  therefore  reasonable  to  assume  that  isotetra- 
sene s are  also  inte mediates  in  oxidations  involving  two  electron  steps. 

A great  number  of  studies  have  bean  nade  of  the  deconpositian  of 
gaseous  hydrasine.  fydrazine  has  been  found  to  decompose  into  varying 
amounts  of  nitrogen,  hydrogen  and  ammonia.  The  only  study  of  the  thermal 
decomposition  of  hydrasine  in  which  the  decomposition  was  claimed  to  be 
homogeneous  was  one  due  to  Sswarc.^  The  prdmary.  step  is,. represented  by 
Eq.  U* 

(U)  M2^  » 2 HHg 

The  resulting,  amino  radicals,  were  removed  by  reactionwiih  toluene . The 
decomposition,  however,  mas  carried  to  a very  slight  extent  to  avoid 
aide  reactions.  The  catalytic  decomposition  on  silica  mas  shown  to 
follow  Eq.  S:1^ 

(5)  3 n2h^  — > U hh3  + h2 

Decomposition  on  & hot  platinum  or  tungsten  wire  mas  shown  to  yield 
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hydrogen,  nitrogen  and  ammonia  according  to  Eq.  6. 

(6)  2 » 2 NH3  + H2  + % 

A recent  study  of  the  thermal  decomposition  of  nitric  acid  vapor 
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was  made  by  Johnston.  In  this  study  rapid  flow  techniques  were  used 
to  determine  the  kinetics  of  the  decomposition  reaction.  The  proposed 
mechanism  is  as  follows; 


(7) 


1 

a. 

HNQ; 

-i*.  S02  ♦ 

OH 

b. 

OH  + HOg 

fflto. 

c. 

OH  + HN03 

-2->  HgO  + 

no3 

d. 

*o3  + no2 

— NOg 

+ 

CM 

o 

e. 

M03  + NO 

— » 2 HOg 

The  observed  kinetics  axe  in  agreement  with  this  scheme  and  can  be 
represented  by  Eq.  8: 


(8) 


(hmo3) 

dt 


2 a (HN03) 


T TSoZT 


(hho3) 


The  net  reaction  Is  given  by  Eq.  9* 


(9)  U HB03  — » k NOg  + 2 HgO  + Og 

Eq*  9 also  described  the  decomposition  that  occurs  when  liquid, 
anhydrous  nitric  acid  is  allowed  to  stand  for  long  periods  of  time  at 
room  temperature  or  higher.  Reaction  9 is  known  to  be  readily  revers- 
ible; the  equilibrium  constants  of  Reaction  9 have  been  calculated  by 
Forsyth*  and  Giauquee1'* 

A great  deal  of  work  has  been  dene  to  determine  the  nature  of 
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nitric  acid  solutions  particularly  with  regard  to  aromatic  nitration. 

It  is  generally  conceded  that  the  nitronium  ion  NOg+  is  the  nitrating 

agent  in  a large  number  of  nitration  reactions.  In  a recent  cxyoscopic 

study  of  pure  liquid  nitric  acid,  Dunning  and  have  estimated 

that  there  is  about  8£  of  dissociation  products  present  in  oquilibriusi 

at  roam  temperature*  The  known  dissociation  equilibria  are  given  in 

Eq.  10: 


(10)  a. 


2 HH03  ^=2s  HgO  + H205 

b.  IgO^  ^ ho2+  + HO3- 

c.  HS03  + HgO  H30+  + N03" 

d.  2 H»3  H2N03+  + S03“ 

Elamaa  and  Rglaalms  of  Hydrazine 

The  decomposition  of  hydrazine  can  give  rise  to  a flame  even  in  the 

absence  of  an  oxidizer#  The  explosive  decomposition  of  gaseous  hydrazine 
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was  studied  by  Bamford.  He  found  decomposition  to  take  place  according 
to  Eq.  U: 

(11)  5 > h MH3  + 3 Kg  + It  % 

The  first  successful  attempt  to  stabilize  a hydrazine  decomposition  flame 
was  made  by  Hurray  and  Hall.  They  found  the  decomposition  to  proceed 
according  to  Eq.  12: 

(12)  2 — > 2 HH3  + N2  + Hg 

They  studied,  the  flame  velocity  of.  the  hydrazine  deccmpaaiti.cn  flame  for 
gaseous  hydrazine,  water  mixtures.  They  also,  studied,  the  flame  velocity 
of  the  hydrazine,  oxygen  flame;  the  amonnla,  oxygen  flame;  and  the  flame 
produced  when  a 2:1:1  mixture  of  ammonia,  nitrogen  and  hydrogen  burns  in 
oxygen.  They  proposed  that  in  the  case  of  oxygenated  flames  the  hydrazine 
is  decomposed  according  to  Eq.  12  before  it  reaches  the  flame  front;  the 
resulting  ammonia  and  hydrogen  then  react  with  oxygen  in  the  flame  front. 
The  authors  hoped  to  prove  this  hypothesis  by  studying  the  combustion  of 
the  ammonia,  nitrogen  and  hydrogen  mixture.  The  results,  however,  were 
inconclusive.  The  authors  calculated  the  adiabatic  flams  temperature 


for  the  hydrazine  decomposition  flame  according  to  Eq.  12  and  found  a value 
of  1660°C.  They  also  calculated  it  on  the  basis  that  decomposition  pro- 
duced only  nitrogen  and  hydrogen  and  found  a value  of  11Q0°G.  They 
measured  the  flame  temperature  crudely  with  a thermocouple  and  found  a 
value  intermediate  to  those  calculated.  However  they  expected  a measured 
temperature  of  several  hundred  degrees  below  the  true  value  because  of 
the  large  size  of  the  thermocouple. 

It  is  interesting  that  ammonia  should  persist,  at  these  temperatures 
because  of  its  high  temperature  instability.  Tanner1^  found  ammonia  to 

decompose  only  p*r  sec.  at  900°C  in  a tube,  which  certainly  had  a 
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catalytic  surface.  Wolfhard  and  Parker  found  ammonia  as  such  in 
diffusion  flames  up  to  2liOO°C  by  a spectroscopic  method.  The  persistence 
of  ammonia  at  such  high  temperatures  indicates  that  the  homogeneous  rate 
of  the  thermal  decomposition  of  ammonia  may  be  very  low  since  reaction 
conditions  in  a carbon  free  flame  are  essentially  homogeneous. 

Ordinarily  the  final  products  of  a high  temperature  decomposition 
such  as  the  hydrazine  decomposition  or  of  a combustion  reaction  such  as 
that  between  hydrazine  and  nitric  acid  would  be  expected  to  be  those 
predictable  from  thermodynamic  considerations  alone.  By  a simple  thermo- 
dynamic argument  it  can  be  shown  that  temperatures  as  high  as  3000°K  can 
be  expected  from  the  reaction  of  nearly  equimolar  amounts  of  anhydrous 
hydrazine  and  anhydrous  nitric  acid.*  It  must  be  assumed  that  the  reac- 
tion is  carried  out  under  adiabatic  conditions.  At  such  high  temperatures 
the  rates  of  almost  any  possible  gas  reaction  would  be  expected  to  be  very 
high  so  that  a condition  of  complete  thermodynamic  equilibrium  should 

* 

Sample  calculations  are  given  in  Appendix  17  for  certain  cases  of  the 
hydrazine,  nitric  acid  reaction. 


result  unless  the  gases  are  cooled  very  rapidly.  The  temperature  that  is 
expected  to  result  from  the  adiabatic  reaction  of  tiro  combustibles  lead- 
ing to  complete  chemical  equilibrium  is  usually  referred  to  as  the 
adiabatic  flame  temperature. 

The  practical  calculation  of  the  adiabatic  flame  temperature  can  be 
very  complicated.  One  first  calculates  the  relative  atomic  composition 
of  the  reactant  mixture.  By  a trial  and  error  procedure  one  can  then 
determine  the  equilibrium  composition  of  the  mixture  at  ary  assumed  high 
temperature.  It  remains  to  calculate  the  heat  evolved  by  an  assumed 
reaction  between  the  starting  materials  leading  to  the  trial  composition* 
the  entire  reaction  taking  place  at  the  original  temperature  of  the 
starting  materials.  The  heat  required,  to  bring  the  reaction  products  to 
the  assumed  high  temperature  is  then  calculated,  using  specific  heat  data. 
Ihen  the  correct  high  temperature  has  been  assumed,  the  heat  evolved  by 
the  reaction  will  just  equal  the  heat  required  to  bring  the  products  up 
to  the  high  temperature.  The  calculation  is  somewhat  more  complicated 
when  the  total  pressure  of  the  final  products  is  also  unknown. 

It  Is  obvious  that  in  the  case  of  nitric  acid  vs.  hydrazine  only 
simple  compounds  such  as  water,  nitric  oxide,  the  elements  and  certain 
radicals  are  thermodynamically  stable  at  such  high  temperatures.  Ihen 
the  final  products  of  such  a reaction  are  cooled  to  permit  analysis,  the 
composition  will  in  general  be  changed  somewhat  because  of  radical 
recombinations , etc. 

The  adiabatic  condition  can  be  very  nearly  realized  in  the  labora- 
tory in  the  case  of  the  explosions  of  gases.  This  is  usually  accomplished 
by  igniting  the  gas  mixture  in  a spherical*  constant  volume  bomb.  If  the 
gases  are  ignited  at  the  center  of  the  spherical  chamber,  the  explosion 
front  will  move  radially  toward  the  chamber  walls.  It  is  obvious  that 


no  heat  losses  can  occur  until  the.  hot  front  reaches  the  chamber  nail; 
at  this  point,  however,  the  reaction  is  complete.  By  using  a rapid 
pressure  recording  method  it  is  possible  to  measure  accurately  the 
pressure  maximum  corresponding  to  this  condition.  Since  the  maximum 
pressure  is  calculable  with  thermodynamic  data  it  is  possible  to  obtain 
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thermodynamic  information  from  the  study  of  such  explosions. 

Ignition  Delay  Studies 

Host  of  the  impetus  for  the  study  of  the  ignition  delay  time  of 
liquid  fuel-oxidant  systems  is  due  to  the  potential  use  of  euch  systems 
in  rocket  motors.  Bystems  which  do  not  ignite  spontaneously  can  be  used 
successfully  in  rocket  motors  if  some  external  means  of  ignition  can  be 
found.  From  a practical  standpoint,  however,  it  is  preferable  to  employ 
a system  that  will  ignite  spontaneously.  In  such  a rocket  motor  it  is 
imperative  that  ignition  takes,  place  in. a very  short  time. .after  the  coot" 
tact  of  the  reactants,  in. excessive  delay  will  cause  the  unreacted 
materials  to  accumulate  in  the  motor  chamber;  ignition  could  then  cause 
a destructive  explosion.  For  this  reason  the  study  of  hype rg olio 
ignition  (self-ignition)  is  of  great  practical  importance  in  the  field 
of  rocket  technology. 

Some  of  the  experimental  variables  which  must  be  controlled  for 
the  precise  measurement  of  ignition  delay  time  includes  (1)  the 
reactant  ratio,  (2)  the  time  required  to  effect  complete  mixing,  (3) 
the  chemical  composition  of  the  reactants,  (it)  the  ambient  temperature, 
and  (5)  the  ambient  pressure.  It  is  of  interest  to  see  how  these 
variables  have  been  controlled  in  the  previous  investigations  of 
ignition  delay. 

A method  which  has  been  widely  used  to  measure  ignition  delay 
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times  is  usually  referred  to  as  the  "drop  test"  or  the  "open  cup  test". 

In  this  test  the  fuel  is  usually  contained  in  a metal  cup 5 one  drop  of 
the  oxidizer  is  aliened  to  fall  into  the  cup.  Various  methods  are 
employed  to  measure  the  time  delay  between  the  first  contact  of  the 
fuel  with  the  oxidizer  and  the  onset  of  luminosity.  Methods  ranging 
in  complexity  from  an  observer  with  a stop  watch  to  an  elaborate  system 
of  photoelectric  cells  have  been  used  to  record  the  delay  time.  High 
speed  motion  pictures  are  also  commonly  used  in  this  connection.  In  a 
test  of  this  type  there  is  no  way  of  determining  the  effective  reactant 
ratio  at  the  time  of  ignition  or  to  ascertain  the  completeness  of  mixing. 
The  method  is  of  value  for  the  rough  screening  of  bipropellant  pairs « 

A highly  refined  open- cup  testing  apparatus  has  recently  been 
described  by  Gunn.  In  this  apparatus  the  oxidizer  is  contained  in  a 
thermos  tatted  reaction  dish.  The  fuel  is  originally  contained  in  a 
weir-lipped  cup  located  above  the  reaction  dish.  The  weir-lipped  cup 
can  be  rotated,  pouring  the  fuel  out  of  it  in  the  fom  of  a thin  sheet 
into  the  reaction  dish.  The  thin  sheet  of  fuel  then  contacts  and 
slowly  mixes  with  the  oxidizer  and  chemical  reaction  ensues.  The 
ignition  delay  is  defined  as  the  time  intern', l between  the  first  con- 
tact of  the  reactants  and  the  instant  that  vi  Ible  light  emission 

begins.  The  delay  time  is  measured  by  an  ingenious  electronic  timer. 

) 

* r 

The  weir-lipped  cup  and  the  reaction  dish  fort ,3  the  plates  of  a condenser, 
the  capacity  of  which  is  abruptly  altered  wheyii  the  fuel  contacts  the 

r 

oxidizer.  This  capacity  change  is  converted  vjito  a small  voltage  pulse 
that  triggers  a single  sweep  generator.  The  output  of  the  single  sweep 
generator  is  fed  to  the  horizontal  plates  of  a cathode-ray  oscilloscope. 
The  beginning  of  visible  light  emission  is  sensed  by  a phototube,  ampli- 
fier combination  the  output  of  which  is  fed  to  the  vertical  plates  of 
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the  oscilloscope.  The  intensity  modulation  electrode  of  the  oscilloscope 
is  connected  to  a sinusoidal  oscillator  of  accurately  known  frequency. 

The  oscilloscope  trace  is  then  a series  of  dots,  the  recording  of  which 
is  accomplished  by  photographing  the  screen  of  the  cathode- ray  tube,, 
Counting  the  number  of  dots  from  the  start  of  the  trace  to  the  point  at 
uhich  it  is  vertically  deflected  gives  the  ignition  delay. 

The  data  obtained  with  the  refined  open- cup  apparatus  were  found 
to  be  accurately  reproducible.  The  systems  nitric  acid  vs.  aniline, 
nitric  acid  vs.  furfuryl  alcohol  and  nitric  acid  vs.  aniline,  furfuryl 
alcohol  mixtures  were  studied.  The  system  aniline  vs.  anhydrous  nitric 
acid  showed  that  the  longest  ignition  delay  was  0.I4I  second  at  room 
temperature.  The  system  red  fatting. nitric acid  vs.  aniline  was  found 
to  have  an  . ignition  delay  of  about  .90  msec  . in  the  temperature  range 
15  to  UO°C|  however,  the  delay  rose  sharply  below.  J5°C  reaching  200 
msec,  at  0°C.  There  was  a similar  sharp  increase  of  the  ignition  delay 
of  the  system  white  fuming  nitric  acid*  vs.  furfuryl  alcohol  as  the 
temperature  was  decreased.  At  2?°C  the  delay  was  about  36  msec.,  but 
at  =15°C  the  ignition  delay  was  found  to  be  about  180  msec.  The  author 
suggested  that  the  sharp  increase  of  the  ignition  delay  was  due  to 
decreased  mixing  efficiency  at  the  lower  temperatures  due  to  the  rapid 
Increase  in  the  viscosity  of  the  fuels  as  the  temperature  approached 
their  freezing  points. 

It  is  apparent  from  the  description  of  this  method  that  there  is 
no  experimental  control  exercised  over  the  reactant  ratio  or  the  mixing 
efficiency  so  that  any  effect  of  a change  of  the  chemical  reaction  rate 
is  masked  by  the  mixing  effect. 

*The  compositions  of  red  and  white  fuming  nitric  acid  are  given  in 
Appendix  HI. 
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- A study  of  the  ignltiondelayofthe  syateuaslydraiine  vs.  nitric 

i 

acid,  furfuryl  alcohol  vs.  nitric  acid  and  liquid  ammonia  bydrwKam  mix- 

22 

tunes  vs.  nitric  acid  was  made  by  the  V.  V.  Kellogg  Co.  The  rotations 
sere  carried  out  in  a snail  rocket  motor.  In  this  motor  the  reasHwats 
uere  contacted  by  the  impingement  of  a single  fuel  stream  with  § eirgla 
oxidant  stream.  The  jets  were  located  at  one  end  of  a cylindrical 
combustion  chamber;  at  the  other  end  was  a simple  convergent  no .sle » In 
one  of  the  motors  used  by  Kellogg  the  combustion  chamber  was  made  of 
glass;  the  tins  from  propellant  entry  to  ignition  was  determined  by  means 
of  high  speed  motion  pictures.  In  another  apparatus  the  chamber  was  made 
of  metal;  the  start  of  ignition  was  determined  by  a pressure  rl*e  Method, 
The  moment  of  impingement  was.  recorded  by . oscilloscope  photography, 
advantage  being  taken  of  the.  electrical,  conductivity  of.  the  reactants. 

( The  moment  of  ignition  ..was.  recorded,  by  means,  of :.a  capacitance  ype 

pressure,  gage  and  associated  electronic . apparatus.  . A.  capacitance  gage 
employs  a pressure  sensitive  diaphragm;  motion  of  the  diaphragm  causes 
a capacity  change  between  the  diaphragm  and  stationary  gage  elements. 

This  capacity  change  can  be  converted  electronically  into  a voltage 
change.  Provisions  were  made  to  cool  the  entire  apparatus  to  tempera- 
tures as  low  as  »50°C.  The  reactant  ratio  could  be  varied  by  changing 
the  diameters  of  the  Injection  jets,  allowing  mors  or  lent:  of  one  reac- 
tant to  stream  into  the  motor  chamber. 

The  results  obtained  with  the  small  rocket  motor  wers  not  entirely 
reproducible.  The  nominal  values  obtained  for  the  ignition  d»lay  for 
optimum  test  conditions  are  given  in  Table  1.  Ignition  tents  were  also 
mads  for  the  system  white  faming  nitric  acid  vs.  liquid  aassottia, 

{ hydra sine  mixtures.  These  tests  were  made  in  a larger  rocket  motor  at 

room  temperature  and  only  qualitative  observations  were  male  Smooth 
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.able  >j  v Ijgn&tioa  '.Dels^  in  & Shall  Backet  Motor 


B«tti  igstSdf»em.M 


Reactants 


Temperature,  Ignition  Delay, 
in  °C  in  msec. 


s&rd-  , . 

jwicazine,  96% 

hfha* 

21 

3.1  i l.i>. 

pjirazine,  96$ 

IFNA** 

21 

5.0  ± 1.7 

y,  rfuryl  alcohol 

wm 

21 

16.6  1 2.k 

arfoiyl  alcohol 

im 

-29 

22  to  1*0 

Hydrazine,  71.5# 

WFNA 

25 

ca.  3V 

Rydrazine,  71. 5# 

RFNA 

-1*8 

ca.  37 

Ammonia,  11*. l£  hydrazine 

- RFNA 

-36 

6 to  10 

Ammonia,  9.$$  hydrazine 

- RFNA 

-3$  to  -1*0 

ca.  U, 

Aaumla,  S.Q?6  hydrazine 

- RFNA 

-37  to  -1*7 

37# 

tvui»/is'//«v!>?wr  >->iSi«iZ'rT5^r»r  =- 


* RFNA,  red  fusing  nitric  acid,  2k%  NOg. 

^^NFNA,  white  fusing  nitric  acid,  96%  H 30,. 
^ Sporadic  ignition. 


ignition  was  found  for  hydrazine  contents  as  loir  as  When  the  hydra* 

sine  content  was  reduced  to  2,2%g  there  was  a noticeable  ignition  delay 
which  resulted  in  damage  to  the  motor.  Although  somewhat  different  delay 
values  were  obtained  for  differing  reactant  ratios,  the  poor  reproduci- 
bility of  the  data  appeared  to  mask  the  effect  of  this  variable* 

An  ignition  delay  tester  which  was  very  similar  to  * rocket  motor 
was  described  by  Broatch.  In  this  apparatus  contact  was  also  made  by 
the  impingement  of  two  streams $ however,  the  combustion  chamber  was  cut 
away  to  allow  visual  observation.  The  delay  time  again  was  considered  to 
be  the  time  difference  between  first  contact  and  the  moment  of  visible 
light  emission. 

In  a given  rocket  motor  the  reactant  ratio  uniquely  determines  the 
condi tic® s in  the  steady  state,  i.e.,  the  flame  temperature,  the  chamber 
pressure,  reaction  products,  thrust,  etc.  The  effect  of  the  reactant 
ratio  on  the  ignition  delay  time,  however,  is  not  clear  when  the  condi- 
tions of  mixing  are  unknown  as  they  appear  to  be  in  a method  involving 
the  impingement  of  streams  In  an  unconfined  area.  If  the  complete 
intermixing  of  a.  fuel-oxidant  combination  could  he  effected  in  a time 
very  short  c capered  to  the  ignition  delay  time  of  the  mixture  then  the 
measured  delay  would  be  the  true  "chemical  delay"  or  induction  period. 

One  would  expect  a change  of  the  reactant  ratio  to  lead,  to  a different 
chemical  delay  time.  When  ignition  takes  place  before  the  mixing  is 
completed,  it  cannot  be  known  what  the  local  reactant  concentrations 
were  in  the  fluid  element  which  first  exploded,  igniting  the  remainder 
of  the  mixture. 

An  example  of  the  delay  due  to  incomplete  mixing  is  found  by  com- 
paring the  results  obtained  by  Gunn  with  the  refined  open-cup  apparatus 
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with  thorn  of  the  Kellog  Co.  using  the  impingement  method.  The  ignition 
delay  of  the  system  furfuryl  alcohol  vs.  white  fusing  nitric  acid  was 
found  to  be  36  msec,  at  room  temperature  with  the  open-cup  apparatus  and 
16.6  msec,  by  the  impingement  method.  At  -15°C  the  open- cup  apparatus 
gave  a value  of  ISO  msec,  while  at  -29°C  the  impingement  method  gave  a 
value  of  only  22  to  iiO  msec.  The  impingement  method  would  be  expected 
to  yield  more  efficient  mixing  than  the  open-cup  method  because  of  the 
greater  turbulence  and  impact  associated  with  impinging  streams  so  that 
a lowered  ignition  delay  should  result. 

It  was  believed  at  the  beginning  of  the  present  study  that  a funda- 
mental approach  to  the  phenomena  of  ignition  delay  was  possible  only  if 
a mixing  method  could  be  found  in  which  complete  "Hiring  ±s  accomplished 
in  a time  short  compared  to  the  ignition  delay  values.  Such  a method 
is  that  devised  by  Roughton,  Chance  and  McKinney. 

Rapid  Mixing  Studies 

The  first  comprehensive  study  of  the  efficiency  of  the  rapid  mixing 
of  two  aqueous  solutions  was  made  by  Hart  ridge  and  Sought  cn.1  They  were 
interested  in  mixing  in  order  to  atudy  ..the  kinetics  of.  rapid  reactions  in 
solution.  The  basic  scheme  of  the  method  was  to  contact  two  reactant 
streams  ..in  a confined  area.  Several  mixing  pattens  mare  tested.  The 
most  efficient  one  was  found  to  be  a RTn  shaped  mixer;  the  reactants 
each  entered  one  leg  of  the  "T"  and  the  mixed  solution  emerged  from  the 
third  leg.  The  passages  through  which  the  solutions  entered  the  mixer 
were  called  jets  while  the  passage  through  which  the  mixed  solution  flowed 
was  called  the  observation  tube.  Two  arrangements  of  the  jets  were  found 
to  perform  about  equally  well  at  high  flow  rates.  In  one  of  these  the 
jets  were  directly  opposed  to  each  other  while  in  the  other  the  jets  were 
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directed  tangentially  into  the  observation  tube.  The  tangential  arrange* 
aent  was  found  to  be  better  at  low  flow  rates.  Some  of  the  methods  used 
by  Hart  ridge  and  Houghton  to  test  the  wiring  efficiency  of  such  a mixer 
will  be  briefly  reviewed  in  the  following  paragraphs. 

In  one  mixing  test  0.01  N HC1  was  reacted  with  0.01  N HaOH  containing 
phen olphthale in . The  solution  in  the  observation  tube  was  slightly  colored} 
however,  when  some  was  collected  and  allowed  to  stand  the  color  disappeared. 
The  flow  rate  of  the  alkaline  solution  was  then  diminished  .until  the  color 
in  the  observation  tube  just  disappeared.  A sample  of  the.  outflow  in  this 
case  had  a final  pH  of  £.6..  Assuming  that  the  chemical  reactions  are 
infinitely  fast  in  this  case,  it  is  possible  to  calculate  the  wri-ring  error. 
It  is  necessary  to  assume  that  some  color  still  remains  in  the  observation 
tube.  The  authors  estimated  that  at  the  worst  1*  of  the  phenolphthalein 
was  colored  in  the  original  stream.  Since  phenolphthalein  is  colorless 
below  a pH  of  9.6,  they  assumed  that  the  colored  portion  of  the  stream  was 
made  up  of  1*  unmixed  alkali  having  a pH  of  9.6}  the  bulk  of  the  solution 
had  a pH  of  £.6  so  that  the  efficiency  of  mixing  in  the  observation  tube 
was 

E - 100  x &£X  x jff-ff8  - 99.8* 

£0.03  £0.013 

where  1»9 .97/50.03  is  the  mixing  ratio  necessary  to  produce  a pH  of  9.6 
and  lt9*988/£O.Q13  is  the  ratio  necessary  to  produce  a pH  of  £.6.  under 
these  unfavorable  assumptions  the  fluid  at  the  exit  from,  the  mixer  had 
the  following  compositions 

1*  is  mixed  99. 8*  (pH  9.6) 

1*  is  mixed  99*8*  (acid  predominating) 

98*  is  mixed  100.0* 
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In  a later  study  by  Roughton  and  in  one  by  Houghton  and  Millikan 

another  mixing  test  was  employed.  This  method  depends  upon  the  fact  that 
the  amount  of  heat  liberated  by  a chemical  reaction  is  a measure  of  the 
amount  of  reaction.  In  this  test  a very  fine  thermocouple  is  inserted 
into  the  observation  tube  so  that  temperature  measurement  is  possible  at 
any  point  in  ■fee  tube-  The  reaction  of  NaOH  with  HC1,  which  was  considered 
to  be  infinitely  rapid,  was  run  in  the  apparatus.  The  rise  was. 

measured  during  steady-  state  flour  c onditions  at  a number  of  pdLw ; at 
varying  distances  from  the  mixer*  At  a sufficient  distance  downstream  the 
temperature  rise  reached  a constant  value  corresponding  to  complete  mixing. 
The  percentage  of  this  total  temperature  rise  measured  at  some  point  near 
the  mixer  was  then  equal  to  the  percentage  completion  of  the  mixing  at 
this  point.  The  quantitative  results  obtained  by  this  method  will  be 
discussed  in  a later  paragraph. 

A great  number  of  successful  kinetic  studies  of  reactions  in  solution 
were  made  by  the  method  of  Hartridge  and  Roughton.  A number  of  different 
methods  were  used  to  determine  the  extent  of  reaction  .at  points  in  the 
observation  tube.  The  results  obtained  by  various  investigators  for  the 
velocity  constant  of  the  carbonic  acid  decomposition  are  shown  in  Table 
2 in  order  to  illustrate  some  of  the  analytical  methods  that  can  be  used. 


Table  2.  Values  of  k,  the  Velocity  Constant  of  the  Reaction 
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HgCO^ 


HgO 


Method 

Value  at  185*0 
in  see.. 

Thermal 

12.1 

Conductivity 

12.7 

Hg  electrode 

10.2 

Colorimetric 

12.9 

i 
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A thorough  analysis  of  the  flow  method  for  use  in  kinetic  studies 

2 

was  made  by  Chance.  His  analysis  included  a study  of  the  power  necessary 
to  drive  solutions  through  "T”  type  mixers  as  well  as  the  mixing  efficien- 
cies obtainable  by  the  method.  Chance  used  the  photoelectric  recording 
method  exclusively,  studying  reactions  accompanied  by  a color  change..  In 
this  method  a light  beam  is  passed  through  the  observation  tube;  the 
amount  of  light  absorbed  by  the  mixed  solution  is  a measure  of  the  extent 
of  reaction.  Chance  found  that  at  high  flow  velocities  a phenomenon  known 
as  cavitation  made  photoelectric  measurements  impossible.  Cavitation  is 
a separation  of  the  fluid  elements  of  the  stream  caused  by  extreme 
turbulence  resulting  in  optical  inhomogsneity.  Chance  found  that  the 
angle  the  jets  made  with  the  observation  tube  had  an  Important  effect  on 
this  factor.  By  using  a compromise  between  the  tangential  arrangement 
and  directly  opposed  jets,  flow  rates  up  to  2300  cm.  per  sec . could  be 
used  before  cavitation  interfered  with  the.  recording  method.  A study  of 
numerous  mixer  and  observation  tube  combinations  was  made.  An  empirical 
equation,  Eq.  13,  was  developed  from  which  the  expected  flow  rate  could  be 

calculated  knowing  the  dimensions  of.  the  mixer  and., the  pressure  drop  across 

« 

the  mixer: 


(13) 


AP  A! 


where  V Is  the  total  volume  flow  rate,  in  cc.  per  sec., 

aP  is  the  pressure  drop  in  lb.  per  sq.  in., 

A0  is  the  area  of  the  observation  tube,  in  sq.  mm., 
varies  from  0.3  to  0.8. 


The  mixers  were  studied  only  for  the  case  where  equal  volumes  of  reactant 
solutions  were  contacted.  The  effect  of  the  jet  diameters  and  number  of 
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jets  on  the  flow  rate  is  not  clear  fran  the  data*  In  general  jet  diam- 
eters from  0.5  to  1*1*  mm.  and  observation  tube  diameters  of  0*5  to  1.8 
mm.  were  used  with  no  apparent  regard  for  the  observation  tribe  diameter, 
jet  diameter  ratio. 

The  efficiency  of  mixing  was  verified  by  Chance,  by  running  reactions 
known  to  be  very  fast.  This  was  accomplished  by . using  reactions  showing 
biaolecular  characteristic;  a . The  rate  of  the  reactions  were  determined 
in  very  dilute  solutions  $ the  concentrations  were,  increased  until  the 
system  could  no  longer  follow  the  reaction  rats.  At  these  concentrations 
it  was  the  mixing  rate  then  that  was  measured.  The  reaction  between 
iodine  and  thiosulfate,  the  concentration  of  each  reagent  being  5 x 1Q~^  H, 
is  about  9 6%  complete  in  0.3  msec,  (the  shortest  measurable  time  with 
Chance  * s apparatus).  The  mixing  was  shown  to  be  at  least  98£  complete  at 
the  observation  point  (10  mm.  from  the  mixer)  at  all  flow  velocities  by 
increasing  the  thiosulfate  concentration.  The  reaction  between  ceric 
sulfate  and  hydrogen  peroxide  was  similarly  shown  to  be  immeasurably 
rapid  at  sufficiently  high  concentrations.  The  mixing  efficiency  was 
again  shown  to  be  better  than  9%%  in  all  cases.  Since  the  photoelectric 
error  was.  of  the  order  of  2%,  the  estimate  of  9®%  mixing  may  be 
conservative. 

27 

A very  recent  rapid  kinetic  study  was  made  by  Trowse.  A unique 
method  was  used  to  verify  the  mixing  efficiency.  In  this  method  two 
solutions  having  different  optical  properties  were  mixed.  The  approach 
to  optical  homogeneity  was  taken  as  the  criterion  of  the  extent  of  mix- 
ing. During  mixing  there  is  an  appearance  of  turbidity  due  to  multiple 
refractions  of  the  illuminating  light j eventually  the  solution  clears. 

The  light  transmission  changes  that  occurred  during  the  mixing  of  water 
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and  a 20>C  aqueous  ammonium  sulfate  solution  sere  followed  by  a photo- 
electric recording  method. 

The  quantitative  results  obtained  for  the  nixing  efficiency  in  "T" 
type  sixers  was  reported  in  great  detail  in  a recent  comprehensive  review 

aQ 

of  the  subject  of  rapid  reactions  in  solution  by  Roughton  and  Chance . 

The  data  are  aumarixed  in  Tables  3 and.  k»  In  Table  3 the  apparatus  and 
nethod  are  indicated,  and  in  Tabla  li  the.  results  are  shown.  The  final 
colusn  of  Table  U is  the  product  of  the  linear  velocity  of  flow  through 
the  observation  tube  and  the  tine  required  to  achieve  97%  mixing.  This 
distance  is  clearly  the  distance  that  the  solution  had  to  flow  from  the 
point  of  initial  contaot  to  the  point  at  which  mixing  was  97%  complete. 

It  was  pointed  out  by  Roughton  that  the  data  of  Millikan  shows  that  this 
distance  decreased  as  the  flew  velocity  was  increased  for  a given  nixer. 
It  is  thus  apparent  that  nixing  complete  to  within  a few  per  cent  can  be 
obtained  in  a rapidly  flowing  stream  in  a distance  of  less  than  a centi- 
netsr.  The  data  shown  in  the  tables  refer  only  to  the  nixing  of  aqueous 
solutions.  Only  one  reference  was  made  to  the  raizing  of  physically 
different  liquids.  Roughton1  brought  together  a paraffin  oil  and  water 
In  a T"  type  mixer  and  found  that  a very  fine  enulaion  was  formed. 

It  is  instructive  to  consider  what  concentration  gradients  exist 
in  a solution  that  is  97%  mixed.  The  distribution  of  concentration  must 
certainly  be  statistical.  It  is  very  unlikely  that  3%  of  the  original 
reactants  remain  together  at  their  original  concentration,  rather  the 
range  of  concentrations  must  all  be  very  close  to  that  corresponding 
to  complete  intermixing. 

In  all  of  the  rapid  reaction  studies  made  by  Roughton,  Chance  and 
their  followers  the  pressure  drop  across  the  mixers  never  exceeded  one 


Table  3»  Tests  of  Mixing  Efficiency,  "T"  Type  Mixers2® 


Author  Apparatus 


Test 


Hartridge  and 
Houghton 

8 jet  metal  mixer 
8 jet  ebonite  mixer 

HC1,  HaOH,  Colorimetric 
HC1,  NaOH,  Thermal 

Houghton 

3 way  glass  T-taps 
bore  1.5  mm. 

HC1,  NaOH,  Thermal 

IHTMlnm 

U jet  Bakelite  tap 
mixer,  jets 
0.5  mm. 

HC1,  NaOH,  Thermal 

Chance 

8 jet  polystrene, 
jets  O.U  am*, 
tube  bore  1.0  am. 

Ig,  S203-,  Colorimetric 

Dalxiel 

2 jet  glass  mixer, 
0.5  mm.  bore 
1.0  mm.  bore 
1.0  mm.  bore 

HgSO^j,  NaOH,  Thermal 
I^SO^,  NaOH,  Thermal 
H2S0|i,  NaOH,  Thermal 

Trowse 

2 jet  glass  mixer, 
0.7  am.  bore 
0.5  am.  bore 

Light  Transmission 
Light  Transmission 

Chance 

U jet  all  glass 
mixer,  0.5  mm. 
jets,  1.0  mm. 
bore 

HgOg,  Peroxidase, 
Colorimetric 
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Table  U.  Results  of  Mixing  Efficiency  Tests'*® 


Author 

Plow  rate  in  the 
observation  tube, 
in  cm.  per  sec. 

Maxi mum  time,  in 
msec. , for  mixing 
9$%  97 % 99% 

Distance, 
in  mu. 
97% 

Hart ridge  and 

3U5 

. 

0.3 

1.0 

Roughton 

1000 

- 

o.U 

- 

U.o 

Roughton 

koo 

10 

- 

am 

Millikan 

268 

0.5 

2 

1.3 

17$ 

_ 

1.5 

7 

2.6 

100 

- 

U.o 

10 

U.o 

Chance 

2300 

- 

o.U 

- 

9.2 

Dalziel 

li»0 

5 

280 

_ 

5 

- 

iUo 

- 

8 

- 

Tronrse 

hhO 

0.9 

1.3 

3.0 

5.7 

99$ 

0.5 

Q.6 

0.8 

6.0 

Chance 

1000 

- 

1.0 

- 

10 
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^ - or  two  atmospheres.  The  first  attempt  to  extend  the  range  of  the  method 

using  high  pressures  was  made  by  Kilpatrick  and  McKinney? They 
wanted  to  study  rapid  reactions  in  solution  in  which  a gas  Is  evolved. 

The  steady  flow  method  of  Chance  was  clearly  not  suited  for  this  type  of 
reaction.  It  was  necessary  to  mix  a useful  quantity  of  reactants*,  stop 
the  mixing  and  begin  static  measurements  of  the  gas  evolution.  This  was 
accomplished  through  the  use  of  a constant  volume  boiab  reactor  made 
entirely  of  stainless  steel.  In  this  apparatus  the  reactants  were  driven 
through  a conventional  ”T"  mixer  by  means.  of.  floating  pistons  which  in 
turn  were  driven  by  high  pressure  nitrogen  gas  . The  entire  quantity  of 
reactants,  25  ml.  of  one  solution  and  1.0  ml.  of  a second  solution,  was 
injected  into  a closed  volume. in  about  10  maec..$  static  pressure  rise 
measurements  were  then  made.  The  efficiency  of  mixing,  was  determined  by 
( running  the  reaction  repress  ited  by  Eq.  Iks 

(Hi)  Ca(lfa0lt)2  + SHgOg  + 3%^  > CaSO^  + 2HnS0'u  + 502  + 8^0 

2 

Using  concentrations  of  the  order  of  10  M,  Chance  found  the  velocity 
constant  of  the  reaction  to  be  2900  liters  per  mole  second.  With  this 
value  of  the  velocity  constant,  and  with  concentrated  solutions  (1  ml. 
of  50J6  Ca(MnOji)2  and  25  ml.  of  15^  H2O2  which  was  also  3M  in  ^SO^),  the 
half  time  of  the  reaction  was  estimated  to  be  55  microseconds.  Under 
these  conditions,  the  reaction  was  assumed  to  be  essentially  instantane- 
ous. The  mixing  time  was  evaluated  by  measuring  the  pressure  rise  due 
to  oxygen  evolution.  Oxygen  evolution  was  found  to  be  complete  in  about 
10  msec.  The  efficiency  of  mixing  was  further  verified  by  noting  that 
the  permanganate  color  was  completely  discharged  at  the  end  of  a run. 

The  principal  difficulty  experienced  by  Kilpatrick  and  McKinney 
with  the  bomb  reactor  resulted  from  the  possibility  that  the  two  floating 
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pistons  might  not  descend  at  the  sane  time.  The  two  pistons  are  not 
connected,  mechanically  so  that  any  excessive  static  friction  could  delay 
the  start  of  motion  of  one  of  the  pistons  and  severely  affect  the  mixing 
efficiency.  The  bomb  reactor  of  Kilpatrick  and  McKinney  will  be  discussed 
in  detail  in  a later  chapter  since  it  was  used  in  connection  with  the 
present  research. 

Reactions  of  Sodium-Potassium  Alloy 

The  reaction  of  sodiMm~potassium  eutectic,  alley  with  water  and 
ethanol  was  studied  by  McKinney  and., Kilpatrick . The  composition  of 

the  liquid  alloy  corresponded  roughly  to  the  formula.  HaK«.  The  reaction 
with  ethanol  is.  represented  by  Eq.  l5t 

(15)  KaKg  + 3 CjH^OH  — > 1.5  Hg  + 2 CgH^OK  + CgH^ONa 

and  the  reaction  with  water  is  represented  by  Eq.  16: 

(16)  HaKg  + 3 HgO  > 1.5  % + 2 KOH  + HaOH 

The  pressure  rise  in  the  reaction  with  excess  ethanol  was.  found  to  follow 
an  approximately  first  order  law.  The  half-time  of  the  reaction  was  found 
to  be  about  6.2  msec.  The  authors  point  out,  however,  that  the  reaction 
is  probably  heterogeneous  and  that  the  first  order  characteristic  might 
be  a fortuitous  combination  of  effects  since  the  injection  time  is 
comparable  to  the  observed  half-time. 

The  pressure,  time  curve  obtained  in  the  case  of  the  reaction  of 
the  liquid  alloy  with  excess  water  showed  t»o  large  maxima.  The  first 
maximum  occurred  about  5 msec,  after  the  beginning  of  injection.  The 
pressure  then  decreased  to  about  that  expected  from  the  theoretical 
yield  of  hydrogen  according  to  Eq.  16  in  about  30  msec.  A second  sharp 
maximum  occurred  about  UO  msec,  after  injection.  The  first  maximum 


could  be  attributed  to  the  heat  evolved  by  the  reaction^  it  was  unlikely, 
however,  that  the  second  maxieua  was  also  due*  to  the  heat  of  the  simple 
reaction  represented  by  Kq.  16. 

At  the  outset  of  the  present  research,  it  was  considered  likely  that 
the  second  pressure  peak  night  be  due  to  an  explosion  of  the  hydrogen 
evolved  by  the  reaction  with  the  oxygen  of  the  air  present  initially  in 
uie  reactor*  If  true,  this  would  present  an  interesting  example  of  a 
delayed  ignition.  In  view  of  this  it  was  decided  to  begin  the  present 
research  with  a further  study  of  the  alloy,  water  reaction. 
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CHAPTER  II 
REACTOR  DESIGN 

Two  different  constant  volume  reactors  were  used  during  the  course  of 

this  study.  One  of  these  was  designed  and  built  by  Dr.  C.  D.  McKinney,  Jr. 

3 

and  described  by  him.  This  reactor  will  be  referred  to  as  Reactor  I. 
Another  reactor,  which  is  specifically  suited  for  the  study  of  ignition 
delay,  was  designed  and  built  during  the  course  of  this  research.  This 
reactor  will  be  referred  to  as  Reactor  II. 

Reactor  I 

3 

Although  Reactor  I is  adequately  described  in  the  thesis  by  McKinney, 

the  basic  features,  of  it  will  be  reviewed. . A cross-sectional  assembly 

drawing  of  Reactor  I and  the  pneumatic  injector. is  shown  in  Fig.  1.  The 

pneumatic  injector  is  mounted  above  the  reactor;  it  functions  as  a quick 

opening  valve  discharging  high  pressure  nitrogen  gas  into  the  area  behind 

the  two  pistons.  The  injector  is  identical  to  one  described  by  Neas, 
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Raymond  and  Ewing.  The  driving  gas,  nitrogen  at  pressures  up  to  2000 
lb.  per  aq*  in.,  is  charged  into  the  storage  reservoir  A.  To  start  a 
run,  the  cocking  block  B is  rotated  clockwise  by  means  of  a solenoid 
(not  shown  in  the  drawing)  or  by  hand.  This  shows  the  toggle  C off- 
center,  allowing  the  gas  in  the  storage  reservoir  to  move  the  valve  D 
outward,  rotating  the  toggle  until  it  strikes  the  brass  impact  pad  shown 
in  the  drawing  as  a small  upward  projection  in  the  center  of  the  cocking 
block.  Ihen  the  valve  opens,  the  pressure  of  the  driving  gas  is 
communicated  to  both  floating  pistons.  It  is  important  to  note  that 
any  leakage  of  gas  through  the  valve  gaskets  could  not  drive  the  pistons 
down  prematurely  because  of  the  presence  of  a small  pressure  release 
duct.  The  motion  of  the  valve  seals  off  this  duct  preventing  leakage 
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during  the  normal  operation  of  the  pneumatic  injector.  The  expanding  gas 
also  forces  the  movable  contact  E to  the  left,  causing  it  to  strike  the 
fixed,  contact  which  is  insulated  from  the  body  of  .the  injector.  The 
closing  of  the  contact  initiates  the  time  base  of  the  recording  system. 

The  tiro  solutions  to  be  mixed  are  contained  in  the  cylinders  at  J 
and  F.  The  cylinder  J contains  2$  ml.  of  one  reactant  solution  and  the 
cylinder  F contains  1 ml.  of  the  other  reactant  solution.  The  pressure 
of  the  driving  gas  on  the  floating  pistons  forces  them  downward,  driving 
the  reactants  through  the  jets  located  in  the  small  and  large  injection 
plates  G and  K into  the  wiring  chamber  and  out  into  the  body  of  the  bomb 
H where  they  react  to  completion.  The  two  jets  are  directly  opposed. 

The  gaskets  used  to  seal  the  valve  in  the  pneumatic  injector  arc 
neoprene  rings  which  are  closely  ground  to  fit  the  valve  cylinders . 

The  gaskets  are  lubricated  with  powdered  graphite.  The  gaskets  on  the 
floating  pistons  are  also  neoprene  rlngs  lubricated  by  powdered  graphite. 
They  serve  to  prevent  the  driving  gas  from  directly  entering  the 
interior  of  the  reactor.  They  must  also,  prevent,  leakage  of  the  product 
gases  from  the  interior,  of  the  reactor  to  the  atmosphere  once  the 
driving  gas  pressure  has  been  released.  If  the  piston  gaskets  are  too 
tight,  the  start  of  motion  of  one  or  both  of  the  pistons  may  be  seriously 
delayed.  The  piston  gaskets  must  therefore  be  ground  to  a very  exacting 
tolerance. 

During  the  present  study  it  was  found  necessary  to  add  a window  to 
Reactor  I so  that  the  presence  of  an  ignition  cculd  be  verified  photo- 
electrically  or  visually.  The  window  xa  made  of  Plexiglass  (one-quarter 
inch  thick)  and  provides  a direct  view  of  the  area  immediately  surround- 
ing the  nixing  chamber.  The  important  parts  of  Reactor  I,  including  the 
window  assembly,  are  shown  in  Fig.  2. 


{ Baactor  II 

Reactor  II  was  designed  specifically  for  the  study  of  self-igniting 
fuel,  oxidant  systems.  For  this  purpose  it  is  necessary  to  contact  more 
nearly  equal  volumes  of  reactants  than  in  the  case  of  Reactor  I.  A 
cross-sectional  assembly  drawing  of  Reactor  II  is  shown  in  Fig.  3.  The 
same  pneumatic  injector  that  was  described,  in.,  conjunction  with  Reactor 
I is  used  with  Reactor  II.  The  reactant  solutions  are  contained  in  the 
cylinders  at  A and  B.  During  injection  the  driving  gas  is  communicated 
to  the  driving  piston  C.  The  driving  piston  in  turn  forces  both  of  the 
smaller  pietone  D and  S to  descend.  The  reactant  solutions  are  then 
forced  to  flow  into  the  jets  in  the  miring  plate  F and  into  the  mi -ring 
chamber  or  exit  tube  G where  they  enter  the  body  of  the  reactor  H and 
react  to  completion.  The  baffle  plate  J can  be  attached  to  the  mixing 
( plate  or  it  can  be  dispensed  with.  If  it  is  used,  it  serves  to  ensure 

complete  mixing  by  breaking  up  the  effluent  stream  immediately  as  it 
leaves  the  nixing  chamber  G.  It  also  serves  to  reflect  ary  emitted 
light  directly  into  the  observation,  arms  H..  One  observation  arm  of 
the  reactor  is  closed  with  a plexiglass  window  and  .the  other  joins  with 
the  piping  leading  to  the  strain  gage*.  Two  valve  blocks,,  each  attached 
to  a stainless  steel  needle  valve,  can  be.  interposed  between  each 
observation  arm  and  the  measuring  apparatus,  if  needed. 

Reactor  H was  designed  to  allow  for  immersion  in  a low  temperature 
bath.  For  this  purpose  the  reactor  is  as  compact  and  as  light  in  weight 
as  possible.  The  outside  diameter  of  the  main  cylinder  block  L is  only 
five  inches.  The  observation  arms  are  directed  almost  vertically  so 
that  the  apparatus  to  be  used  to  follow  the  changes  of  pressure  and 
light  emission  can  be  located  well  above  ary  thermostatic  bath. 
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Reactor  II,  just  as  in  the  ease  of  Reactor  I,  la  constructed  entirely 
of  stainless  steel.  The  driving  piston  was  machined  to.  .a.  close  fit  with 
the  large  cylinder  so  that  no  gasket  or  lubrication  is  required.  A slight 
leakage  of  driving  gas  past  the  driving  piston  could  not  affect  the 
measured  pressure  in  the  reactor  because  this  gas  is  vented  to  the  atmos- 
phere through  the  air  escape  ports  K.  The  gaskets  on  the  smaller  pistons 
must  withstand  the  pressure  of  the  product  gases  from  within  the  reactor 
and  must  prevent  any  back-flow  of  the  liquid  reactants  during  injection. 

A number  of  different  gasket  arrangements  were  used  on  the  smaller 
pistons.  These  will  be  discussed  in  a later  chapter.  It  should  be 
pointed  out,  however,  that  the  pistons  are  constructed  in  several  parts, 
so  that  it  is  possible  to  remove  the  lower  part  of  the  pistons  and  attach 
a gasket  material  such  as  Teflon  that  could  not  .be  stretched  over  a one- 
piece  piston  and  attached  in  that  way.  The  upper  gasket  must,  however, 
be  of  neoprene  or  another  rubber  because  it  must  be  stretched  over  the 
steel  piston  and  set  into  place. 

The  important  parts  of  Reactor  U are  shown  in  Fig.  U.  The  mixing 
plate  F shown  in  Fig.  3 and  in  Fig*.  U and  used  throughout  this  research 
was  designed  according  to  the  principles  established  by  Roughtcn  and 
Chance.  It  ie  apparent  from  Fig.  U that  other  mixing  plates  having 
entirely  different  mixing  patterns  could  be  substituted  for  nixing  plate 
F without  requiring  a change  in  ary  cf  the  other  reactor  parts.  In  a 
similar  wsy  another  cylinder  block  could  be  substituted  for  cylinder 
block  L.  This  would  allow  the  selection  of  more  than  a single  reactant 
ratio  without  requiring  the  design  of  an  entirely  new  reactor. 

Another  cylinder  block  was  designed  and  built  to  provide  a range 
of  possible  reactant  ratios..  The  original  cylinder  block  shown  ini 
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Key  to  Fig«  U 

A Reaction  boob 
B Driving  cylinder 

C Driving  piston 

D Snail  pistons 
£ Subplate 
F Mixing  plate 
Q Valve  blocks 
J Baffle  plate 
K Spacer  plate 
L Cylinder  block 
M Observation  arms 
K Window  assembly 


Fig*  ii  has  tiro  cylinders  of  equal  diameter  providing  a single  ratio  of  one 
to  one*  The  new  block  has  cylinders  of  unequal  .diameter  providing  a 
reactant  ratio  of  approximately  four  to  one.  Fittings  were  constructed 
which  made  it  possible  to  decrease  the  diameter  of  the  larger  cylinder 
so  that  two  more  reactant  ratios  could  be  realised} . a two  to  one  ratio 
and  a one  and  one-half  to  one  ratio*  Several  additional  pistons  had  to 
be  constructed  to  fit  the  new  cylinders.  The  two  cylinder  blocks , the 
fittings  and  the  pistons  are  shown  in  Fig*  5.  The  measured  cylinder 
diameters  and  the  exact  values  of  the  volume  ratios  obtainable  with 
Reactor  II  are  given  in  Table  5. 


Table  5*  Dimensions  of  Reactant  Cylinders,  Reactor  II 


Nominal 

reactant 

ratio 

Diameter  of 
larger 
cylinder, 
inches 

Diameter  of 
smaller 
cylinder, 
inches 

Reactant 

ratio 

1 : 1 

0.3135 

0.3135 

1.00 

1.5  i 1 

0.3135 

0.257 

1.U9 

2 : 1 

0.376 

0.257 

2 *m 

k t 1 

0*502 

0.257 

3*82 

Several  additional,  mixing  plates  were  designed  .and  built  to  provide 
a number  of  possible  mixing  patterns.  The  mixing  pattern  provided  by 
the  original  plate  has  the  form  of  a *T".  The  other  basic  pattern  that 
can  be  obtained  with  the  new  plates  has  the  form  of  a "Tn.  Several 
subplates  were  constructed  to  fit  beneath  either  main  mixing  plate. 

These  plates  have  single  holes  in  them  so  that  the  mixed  solution 
emerging  from  the  main  mixing  plate  could  be  made  to  flow  through 
additional  lengths  of  a confined  passage. 
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Reactor  II  fate  several  design  advantages  over  Reactor  I.  The  fact 
that  the  two  pistons  east  begin  descent  at  the  same  Instant  and  most 
travel  at  the  saae  rate  ensures  uniformity  of  the  mixed  solution. 

Reactor  H is  much  more  powerful  than  its  precursor.  A substantial 
hydraulic  advantage  is  achieved  by  having  a single  large  piston  drive 
two  smaller  ones.  The  piston  gaskets  do  not  have  to  withstand  the 
pressure  of  the  driving  gas.  Reactor  H is  suited  for  immersion  in  a 
thermostatic  bath  and  is  lighter  in.  weight  than -its  precursor.  Reactor 
II  is  easily  adapted  to  a change  , of  the.  mixing  pattern  or  a change  of 
the  reactant  ratio. 

Measurement  of..  Transient  Pressure 

Tbs  measurement  of  the  transient  pressure  of  gases  in  either  reac- 
tor is  the  principal  means  of  following  the  course  of  the  reactions 
under  study*  The  pressure  measuring  system  to  be  used  must  have  a very 
rapid  response.  The  methods  used  by  McKinney  appeared  to  fulfill  this 
requirement  adequately.  The  recording  apparatus  designed  and  built  by 
him  was  used  with  only  a few  minor  changes.  Although  the  method  is 
described  in  detail  by  McKinney,  the  essential  features  of  the  method 
will  be  reviewed  here. 

The  pressure  sensitive  element  is  a diaphragm  type  strain  gage 
manufactured  by  the  Stathaw  Laboratories,  Inc*,  Xo*  Angeles,  California. 
In  this  instrument  the  gas  pressure  in  applied  to  & metal  diaphragm 
which  is  thereby  deformed.  The  motion  produced  is  transmitted  to  a 
series  of  strain  wires  whose  electrical  resistance  depend  upon  the 
degree  of  strain.  The  wires  art  arranged  ia  the  form  of  a balanced 
bridge  within  the  pressure  gage  itself.  The  unbalance  of  the  bridge 
is  then  a measure  of  the  gas  pressure  acting  on  the  diaphragm.  The 


gage  elements  are  stated  to  have  a natural  frequency  in  excess  of  2000 
cycles  per  second  so  that  the  gage  should  faithfully  reproduce  pressure 
events  occurring  at  frequencies  up  to  this  value.  The  output  of  the 
strain  gages  is  stated  to  he  strictly  proportional  to  the  applied  pres- 
sure. Originally  tiro  such  gages  sere  available : one  having  a range 

0 to  50  lb.  per  sq.  in.  and  the  other  0 to  150  lb.  per  sq.  in.  The 
range  of  these  gages  was  not  high  enough  for  the  proposed  study  involv- 
ing high  energy  fuel- oxidant  systems.  Two  other  gages,  one  having  a 
range  0 to  100  lb.  per  sq.  in.  and  the  other  0 to  500  lb.  per  sq.  in., 
were  purchased.  The  new  gages  have  e special  overrange  feature:  the 

smaller  one  will  withstand  a pressure  of  $?50  lb.  per  sq.  in.  and  the 
larger  one  1750  lb.  per  sq.  in.  without  damage. 

The  bridge  of  the  strain  gage  is  supplied  with  A C current  of 
variable  frequency.  This  is  accomplished  by  means  of  a variable 
frequency  audio  oscillator  in  c cabinatlon  with  a power  amplifier. 

The  A C voltage  applied  to  the  gage  ia  about.  10  volts  RMS;  the  output 
of  the  strain  gages  is  about  20  millivolts  RMS . at  full  rated  pressure. 
An  A C voltage  amplifier  is  used  to  increase  this  voltage  to  an  amount 
suitable  to  deflect  the  beam.  of.  a cathode  xmy  tube.  The  amplified 
unbalance  of  the  strain  gage  is  applied  to  the  vertical  plates  of  a 
cathode  ray  tubs.  In  order  to  record  the  transient  pressure  during  a 
reaction,  a time  base  generator  is  used  to  sweep  the  cathode- ray  beam 
across  the  tube  screen.  An  accurately  timed  pules  generator  is 
employed  to  make  timing  marks  on  the  cathode- ray  trace. 

The  coBfipnents  of  the  pressure  measuring  system  are  shewn  in  a 
block  diagram  in  Fig.  6,  The  oscilloscope  is  a Du  tfont.  Type  27U* 

The  output  of  the  time  base  generator  is  applied  to  the  horizontal 
plates  of  the  oscilloscope.  The  time  base  generator  supplies  an 


Fig,  6.  Block  Diagram  of  Transient  Pressure  Measuring  System 


approximately  linear  sweep  to  the  cathode-ray  beam.  The  sweep  is 
triggered  by  the  closing  of  the  bomb  contacts  located  in  the  pneumatic 
injector.  The  pulse  generator  supplies  sharp  pulses  occurring  at  an 
accurately  known  frequency  to  the  intensity  modulation  electrode  of  the 
cathode- ray  tube.  This  has  the  effect  of  blanking  the  cathode-ray  beam 
at  regular  intervals.  The  ultimate  pressure  record  is  obtained  by 
photographing  the  screen  of  the  cathode- ray  tube. 

The  audio  oscillator  has  a range  of  2b  to  17,000  cycles  per  sec. 
in  five  overlapping  ranges.  Excellent  amplitude  stability  is  obtained 
because  of  the  thermistor  control  network  that  is  incorporated  into  the 
oscillator. 

The  power  amplifier  employs  two  6V6  tubes  in  a conventional  class 
AB-^  push-pull  circuit  capable  of  delivering  about  10  watts  of  audio 
power.  This  is  an  ample  reserve  of  power  to  avoid  distortion  since  the 
Statham  gages  require  a power  input,  of  only  Q. 6 watt.  The  amplifier  is 
terminated  in  a E>00  ohm  line  to  match  the  input  resistance  of  the 
Statham  gages.  The  amplifier  output  is  permanently  connected  to  a 
panel  voltmeter,  the  dial  of  which  has  2$  arbitrary  voltage  units.  The 
meter  is  set  to  read  20  units  when  the  voltage  output  of  the  amplifier 
is  the  correct  value  (ca.  10  volts)  to  supply  the  strain  gage.  Before 
each  experiment  the  output  voltage  is  adjusted  to  twenty  units  to  ensure 
the  reproducibility  of  the  pressure  calibration.  The  power  amplifier 
circuit  also  has  provision  for  the  external  balancing  of  the  bridge 
contained  within  the  strain  gage.  The  bridge  must  be  balanced  both 
reaiatively  and  capacitively. 

The  voltage  amplifier  is  stabilized  by  large  amounts  of  negative 
feed-back.  The  gain  of  such  amplifiers  is  almost  completely  unchanged 
by  small  fluctuations  of  the  power  supply  voltage  and  by  changes  in 
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tube  characteristics.  The  amplifier  has  five  gain  ranges  varying  from 
1800  to  12000.  The  full  scale  output  of  the  strain  gages  urns  estimated 
to  be  20  millivolts  RXS.  At  a gain  of  1800,  this  provided  36  volts  RMS 
with  which  to  deflect  the  cathode- ray  beam.  The  amplitude  of  the 
oscilloscope  trace  depends  not  upon  the  RMS  voltage  but  upon  the  peak  to 
peak  voltage.  Thirty- six  volts  RMS  is  equivalent  to  102  volts  peak  to 
peak.  The  deflection  sensitivity  of  the  cathode- ray  tube  used  in  the 
Du  Mont  instrument  is  about  30  volts  per  inch  so  that. the  full  scale, 
amplitude  was  expected  to  be  almost  3.5  inches. 

The  time  base  generator  and  the  pulse  generator  have  also  been 
described  by  McKinney j however,  it  mas  found  necessary  to  make  several 
changes  in  these  circuits.  A schematic  diagram  of  the  revised  time  bass 
generator,  pulse  generator  and  seme  of  the  switching  circuits  are  shown 
in  Fig.  7.  A discussion  of  the  revised  switching  circuits  will  be  given 
in  a later  section. 

For  the  normal  operation  of  the  time  base  generator  and  the  pulse 
generator  switch  SIT-1  must  be  in  position  III  and  switch  SIT-2  in  posi- 
tion B or  C.  The  closing  of  the  bosh  contacts  provides  a sharp  positive 
pulse  to  the  condenser  C£>.  This  causes  the  tnyratrcaa  73  to  firs 
decreasing  the  plate  voltage  to  a low  value  in  a few  microseconds.  A 
sudden  deflection  of  the  cathode- ray  beam  across  the  tubs  screen  results. 
The  original  plate  voltage  of  .73  is  gradually  restored.  The  rate  of 
rise  of  the  plate  voltage  is  determined  by  the  RC  product  selected  by 
switches  SW-3  and  SW-U.  The  rise  of  the  plate  voltage  causes  the  cathode- 
ray  beam  to  return  to  its  original  position  at  a predetermined  rate. 

The  time  range  with  Cll  is  about  0.01  to  0.30  second,  with  C6  it  is 
about  0.09  to  0.8  second,  and  with  G7  it  is  about  0.6  to  11  seconds. 


R27  R28  R2<7  R30  R3I 


U3 


Table  6*  Circuit  Constants  for  Time  Base  Generator,  Pulse 
Generator  and  Switching  Circuits  (See  Fig.  7) 


Component 

Circuit  constant 

HI,  Eli, 
R33 

100K  potentiometer 

R2 

$00  ohms 

P-3 

900K 

R h 

3M  potentiometer 

R5 

$0K 

r6 

1$00  ohms 

H7 

$00K  potentiometer 

RB 

2K 

R9 

6 00  ohms 

RIO 

30K 

R12 

1800  ohms 

R13-R2U 

Uf 

R2$ 

Um 

R26 

100K 

R27 

1100  ohms 

R28 

$K 

R29 

10E 

R30 

$K  potentiometer, 
mire  wound 

R31 

10K 

R32 

$K 

BA 

90  V 

T 

Power  transformer, 
110  7 primary, 
secondaries i 700  V 
ct,  $ V,  6.3  V 

Component  Circuit  constant 


Cl, 

C6, 

C2,  C3, 
C12 

0.1  mfd,  UOO  7 

CU 

10  mfd,  2$  7, 
electrolytic 

C$ 

0.2  ttfd,  U00  7 

C7 

1.0  mfd,  U00  7 

C8, 

C9 

8-8  mfd,  U00  7, 
dual  electrolytic 

CIO 

2$  mfd,  2$  7, 
electrolytic 

Cll 

0.01  mfd,  UOO  7 

71 

Type  88U 

72 

Type  60$  GT 

73 

Type  20$0 

7U 

Type  6H6 

7$ 

Type  $DU  g 

76, 

77 

Type  0D3/VR  1$0 

SW1, 

, SW2 

Lever  action  switch 
It  circuits, 

3 positions 

S*3 

Selector  switch, 
1 circuit, 

3 positions 

swU 

Selector  switch, 
1 circuit, 

12  positions 

sw$ 

SPST  Toggle  switch 

3W6 

DPST  Push  button 
switch 

SW7 

SPDT  Toggle  switch 

CH 

Chokes,  1$  henries 

hh 


The  length  of  the  trace  an  the  screen  la  controlled  by  R30.  A 150  volt 
power  supply  located  on  a separate  chassis  and  shewn  schematically  in 
Fig*  8 supplies  the  voltage  necessary  to  control  the  position  of  the 
time  base  on  the  tube  screen  by  means  of  the  position  control  Rll.  It 
will  be  pointed  out  in  a later  section  that  it  is  necessary  to  provide 
two  oscilloscopes  with  an  identical  time  base*  This  could  be  done  by 
simply  connecting  the  plate  of  73  through  Rll  to  the  horizontal  deflec- 
tion plates  Dli  of  two  oscilloscopes;  however,  it  is  desirable  to  control 
the  position  of  the  time  base  on  the  oscilloscopes  independently.  This 
is  accomplished  through  the  use  of  a separate  position  control  R33* 

The  original  circuit  described  by  McKinney  employed  a different 
network  to  provide  the  positive  pulse  to  C*>  to  initiate  the  time  base. 
With  the  original  circuit  the  frame  of  the  pneumatic  injector  and  hence 
the  entire  reactor  had  a positive  potential  of  5>0  volts  with  respect  to 
the  chassis  ground  during  the  course  of  a run.  With  the  present  circuit 
so  long  as  bomb  contact  A is  connected  to  the  injector  frame,  the  entire 
reactor  is  electrically  grounded  at  all  times.  It  was  believed  that 
this  would. contribute  toward  decreasing  the  pick-up  of  random  electrical 
disturbances.  The  original  circuit  had  only  two  time  base  ranges;  the 
third  and  most  rapid,  one  was  found  to  be  necessary  for  the  present  study. 
In  the  original  circuit  a 135  volt  battery  pack  was  used  to  provide  the 
positioning  voltage.  The  batteries  became  rapidly  exhausted  in  this 
application,  so  that  a more  convenient  line  operated  power  supply  was 
built. 

The  pulse  generator,  shown  in  the  upper  left  hand  comer  of  Fig. 

7,  serves  to  provide  accurate  timing  of  the  pressure  trace  by  blanking 
the  cathode-ray  beam  at  regular  intervals.  The  unit  is  essentially  a 
relaxation  oscillator  producing  sharp  negative  pulses.  The  frequency 


Table  7*  Circuit  Constants  for  Auxiliary  Power  Supply 

(See  Pig.  8) 


Component 

Circuit  constant 

R1 

12  K,  U watt 

Cl,  C2,  C3 

8-8-8  mfd,  triple  electrolytic 

VI 

Type  $13  QT 

V 

V2 

Type  OD3/VR  1$0 

T 

Power  transfoner,  110  V primary, 
secondaries:  U80  V ct,  $ V,  6.3  V 

CHI,  CH2 

Filter  choice,  3$  henries 

sir 

SPST  toggle  switch 

of  repetition  of  the  pulses  is  accurately  controlled  at  a value  of 
120/n  cycles  per  second,  where  n is  a snail  integer,  by  synchronisation 
with  the  120  cycle  component  of  the  rectified  line  voltage . With  the 
synchronisation  control  R1  turned  off,  the  oscillation  frequency  can 
be  controlled  with  HU.  Setting  RU  to  produce  approximately  the  desired 
frequency,  the  synchronisation  control  R1  may  be  adjusted  to  "lock  in” 
the  desired  frequency.  The  amplitude  of  the  pulses  is  controlled  by 
R7.  The  frequency  values  that  can  be  obtained  with  the  unit  are  120, 

60  and  30  cycles  per  second.  The  output  of  the  pulse  generator  is 
supplied  directly  to  the  intensity  modulation,  electrode  of  the  cathode- 
ray  tube.  The  sharp  negative  pulses  then  cause  the  cathode- ray  beam  to 
be  blanked  at  the  synchronised  frequency.  Immediately  foliosing  each 
negative  pulse,  there  is  a slight  positive  voltage  suing  which  causes 
a slight  intensification  of  the  cathode-ray  beam,  making  the  timing 
marks  even  mote  pronounced. 

In  the  original  circuit,  described  by  McKinney,  the  oscillator 
was  synchronised  directly  with  the  60  cycle  line.  Frequency  values 
of  60,  30  and  20  cycles  could  be  obtained.  Because  of  the  faster  . 
time  base  to  be  used  in  this  study,  it  was  imperative  to  have  a timing 
frequency  of  at  least  120  cycles. 

The  final  record  of  the  oscilloscope  trace  is  obtained  by  photo- 
graphing the  screen  of  the  oscilloscope.  The  camera  is  a Burke  and 
Janes  U x $ inch  view  camera  equipped  with  an  fl*.$  lens.  A shield 
surrounding  the  camera  lens  and  the  oscilloscope  screen  prevents  stray 
light  from  entering  the  camera.  In  normal  operation,  the  camera  shutter 
was  opened  before  a run  and  remained  open  until  after  the  run.  The 
cathode- ray  tube  employed  for  this  purpose  is  a $ BP11A  having  a blue 


fluorescence  that  la  particularly  suited,  lor  photographic  purposes* 
Eastman  Kodak.  Super  Panchco-Presa,  Type  B film  mas  used* 

Measurement  of  tbs  Final  Pressure  of  the  Product  Oases 

It  mas  believed  that  Important  information  might  result  from 
accurate  knowledge  of  the  final  pressure  of  a reaction  carried  out  in 
the  reactors.  The  pressure  at  infinite  time  cannot  usually  be  obtained 
from  the  transient  pressure  trace  for  two  reasons:  (1)  The  transient 

pressure  can  be  followed  only  for  a short  time  if  it  is  desired  to  secure 
good  time  resolution  during  the  early  stages  of  a reaction.  This  is 
particularly  true  in  the  case  of  an  explosion  where  the  reaction  products 
may  not  cool  to  room  temperature  for  scam  time.  (2)  The  transient 
pressure  during  the  early  stages  of  a reaction  is  usually  quite  a bit 
higher  than  the  final  pressure.  The  resulting  final  amplitude  may  be 
too  small  to  allow  accurate  measurements.  Four,  different  methods  were 
used  to  obtain  final  pressure  data,  during  this  research. 

In  seme  of  the  early  runs  with  Reactor  I the  final  pressure  was 
measured  by  a metal  Bourdon  gage  that  was  permanently  connected  to  the 
reactor.  The  gage  has.  a range  O.to  160  Ub.  per  sq.  in.  and  was 
manufactured  by  the  Marsh  Co.  In  many  runs,  however,  the  final  pressure 
was  less  than  10  lb.  per  sq.  in.  The  Bourdon  gage  can  give  only  a crude 
estimate  of  the  pressure  in  this  low  range. 

In  later  runs  a mercury  manometer  was  connected  to  one  of  the 
valves  leading  to  the  reactor  by  means  of  rubber  tubing.  The  valve 
was  opened  a few  seconds  after  reactant  injection,  expanding  the  product 
gases  into  the  tubing  leading  to  the  manometer.  The  final  pressure  can 
then  be  read  from  the  manometer}  a slight  correction  has  to  be  made  for 
the  increase  of  the  gas  volume. 


The  manometer  method  urns  not  suitable  for  measuring  the  final  pres- 
sures  of  the  high  energy  fuel,  oxidant  reactions  carried  out  in  Reactor 
H.  The  final  pressures  sere  sell  above  two  atmospheres  in  this  case. 
The  Bourdon  gage  could  not  be  used  either  because  of  the  very  high 
transient  pressures  incurred  in  the  early  stages  .of  reaction.  It  was 
decided  to  use,  instead,  another  strain  gage.  For  these  high  energy 
systems,  the  $00  lb.  strain  gage  had  to  be  used  for  the  transient 
pressure  measurements,  so  that  the  100  lb*  gage  was  available.  It  was 
considered  likely  that  a Model  $$$  Oscillograph  manufactured  by  the 
Midwestern  Geophysical  Laboratory  would  be  very  suitable  as  the  record- 
ing  instrument  inasmuch  as  that  instrument  was  available  in  the 
laboratory.  The  Midwestern  instrument  employs  a rapid  response  mirror 
galvanometer.  A light  beam  is  reflected  from  the  galvanometer  mirror 
and  focused  on  a photographic  strip  chart.  The  chart  moves  with  a 
continuously  variable  speed  up  to  9 inches  per  second.  The  galvanometer 
used  in  the  oscillograph  is  a Type  102 A- 100;  it  has  a current  sensi- 
tivity of  0.009  milliamperes  per  inch  and  a resistance  of  30  ohms.  The 
response  is  stated,  to  be  flat  up  to  60  cycles  per  second.  With  the 
oscillograph,  strain  gage  combination,  it  should  be  possible  to  follow 
pressure  events  in  the  reactor  from  the  time  that  the  pressure  first 
falls  into  the  range  of  the  strain  gage  for  as  long  a time  thereafter 
as  is  desired. 

The  associated  circuits  used  with  the  oscillograph,  strain  gage 
combination  are  shown  in  Fig.  9.  The  oscillograph  requires  2h  volts 
DC  at  2.5  amperes  in  order  to  operate  it.  At  first  the  voltage  was 
obtained  from  a voltage  divider  across  the  12$  volt  DC  line.  It  was 
found  necessary,  however,  to  supply  the  current  needed  to  run  the  chart 
drive  separately  from  that  needed  to  operate  the  other  components. 


Table  8.  Circuit  Constants  for  Midwestern  Oscillograph, 
Strain  Qage  Combination  (See  Fig.  9 ) 


Component 

Circuit  constant 

R1 

1*8  ohms,  2,9  A 

R2 

17$  ohms,  1.6  A 

R3 

2$00  ohms 

RU 

9300  ohms 

VI 

Type  0A3/VR  7$ 

SW1,  SW2 

DPST  Toggle  switches 
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The  rheostat  HI  ns  adjusted  to  supply  2k  volts  to  the  chart  drive  motor 
when  it  mis  operating,  and  R2.  was  set  to  supply  2U  volts  to  the  other 
components.  In  order  to  supply  the  bridge  of  the  strain  gage  with  a 
constant  current,  a VR-75  voltage  regulator  tube  was  connected  across 
the  DC  line  through  R3»  The  voltage  across  the  VR-75  tube  is  constant 
to  within  a few  per  cent  in  spite  of  normal  line  voltage  variations. 

The  oscillograph  contains  a timing  circuit  capable  of  placing 
evenly  spaced  timing  lines  across  the  entire  width  of  the  strip  chart. 
The  circuit  may  be  adjusted  to  a frequency  of  10  lines  per  second  or 
100  lines  per  second.  The  lines  represent  equal  time  intervals; 
however,  the  day  to  day  stability  of  the  circuit  was  not  satisfactory. 

In  order  to  provide  a time  calibration,  an  electric  timer  was  included 
in  the  circuit.  By  closing  Sff-1  the  bridge  of  the  strain  gage  was 
energized  simultaneously  with  the  starting  of  the  electric  timer.  The 
amplitude  of  the  pressure  trace  was  set  at  approximately  three  inches 
on  the  strip  chart  for  the  full  scale  output  of  the  strain  gage  by 
adjusting  Rli.  With  this  setting,  the  voltage  across  the  bridge  of  the 
strain  gage  was  about  5 volts.  The  maximum  allowable  voltage  for  the 
strain  gage  is  17  volts  so  that  a wide  safety  factor  was  obtained. 

The  procedure  to  obtain  a pressure  vs.  time  record,  is  as  follows: 
The  unit  is  turned  on  by  means  of  SW-2  and  allowed  to  warm  up.  The 
strip  chart  motor  is  then  started  by  means  of  SW-3  located  on  the  panel 
of  the  Midwestern  Instrument.  After  allowing  a few  seconds  for  the 
chart  motor  to  reach  a constant  speed,  SflF-1  is  closed  actuating  the 
electric  timer  and  causing  a slight  break  of  the  galvanometer  trace  as 
the  bridge  of  the  strain  gage  is  energized.  The  pneumatic  injector  is 
then  fired  causing  the  reaction  to  occur.  After  a suitable  time  SW-1 


is  opened,  the  timer  stops,  and  the  trace  returns  to  its  original 
position.  Counting  the  number  of  lines  corresponding  to  the  time  read 
on  the  electric  timer  gives  a calibration  of  the  frequency  of  the  timing 
lines  for  every  run.  The  length  of  time  of  the  record  is  controlled 
essentially  by  the  length  of  strip  chart  one  wants  to  handle.  The  chart 
is  Kodak  Linagraph  Paper,  #809,  Spec.  #1  and  Ernst  be  removed  from  the 
oscillograph  cartridge  in  complete  darkness.  The  paper  is  developed  U 
minutes  in  a lgl  solution  of  Kodak  Dektol  Developer. 

If  pressure  measurements  are  required  to  extend  for  more  than  a 
minute,  it  is  preferable  to  simply  restart  the  chart  drive  and  close 
SW-1  recording  for  a few  seconds  only.  Timing  in  this  case  may  be 
effected  with  a Stopwatch  or  another  electric  timer. 

In  many  of  the  fuel- oxidant  reactions  studied  by  means  of  the 
Midwestern  instrument,  the  final  pressure  was  observed  to  decrease  with 
time  indefinitely  indicating  the  presence  of  a leak  in  the  reactor 
(Reactor  H).  The  leak  was  undoubtedly  through  the  piston  gaskets. 

It  was  found  to  be  very  difficult  to  seal  the  reactant  cylinders  against 
the  rather  high  final  pressures  encountered  in  the  hydrazine-nitric  acid 
reaction.  It  was  believed  that  far  less  product  gas  would  be  lost  if 
the  gases  were  expanded  into  a very  large  volume  one  or  two  seconds 
after  Injection.  This  was  accomplished  through  the  use  of  a large  glass 
bulb  system,  the  volume  of  which  totalled  about  £ liters.  The  bulb 
system  was  connected  to  a mercury  manometer  and  to  the  valve  leading  to 
the  reactor.  Immediately  after  injection  the  valve  was  opened  and  the 
product  gases  expanded  by  a factor  of  about  seventeen.  This  lowered 
the  pressure  so  that  it  could  easily  be  read  on  the  manometer  once  the 
pressure  fell  to  its  final  value.  The  pressure  that  the  piston  gaskets 


ft 


had  to  withstand  for  extended  periods  of  tioe  was  thereby  reduced  from 
up  to  $ atmospheres  to  at  most  2f>  cm.  Hg.  It  Is  very  likely  that  no 
leak  occurs  through  the  piston  gaskets  before  about  10  seconds  after 
injection  because  of  the  fact  that  the  driving  gas  pressure  is  normally 
not  released  until  about  this  time.  The  force  exerted  by  the  driving 
gas  on  the  pistons  should  hold  them  tightly  seated  for  this  period  of 
time* 

Although  the  leakage  problem  was  eventually  solved  through  the 
use  of  more  efficient  gaskets , the  expansion  final  pressure  method  was 
used  to  obtain  most  of  the  final  pressure  data,  reported  in  this  study. 

Measurement  of  light  Emission 

The  presence  and  time  of  occurrence  of  an  ignition  can  be  deter- 
mined reliably  by  light  emission  measurements  as  well  as  by  pressure 
rise  measurements.  Most  of  the  previous  ignition  delay  studies  have 
employed  light  emission  measurements  exclusively  in  order  to  sense  an 
ignition.  It  was  believed,  therefore,  that  provisions  had  to  be  made 
to  include  light  emission  measurements  in  the  present  study. 

Many  circuits  are  described  in  the  literature  for  the  rapid 
recording  of  light  intensity  changes.  In  most  of  these  the  oscillo- 
scope is  used  as  the  recording  instrument.,  the  final  record  being 
obtained  by  photographing  the  screen  of  the  oscilloscope.  In  all  of 
these  circuits,  the  , oscilloscope  trace  consists  of.  a continuous  line. 

The  vertical  deflection  of  the  line  from  its  original  position  is  the 
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measure  of  light  intensity.  It  was  pointed  out  by  McKinney  in  con- 
nection with  the  design  of  the  pressure  recording  system  that  single 
line  traces  are  very  susceptible  to  random  electrical  disturbances; 
however,  if  the  signal  to  be  recorded  can  be  caused  to  modulate  a 


high  frequency  carrier  ware,  the  effect  of  many  of  the  disturbances 
can  be  removed.  This  point  is  demonstrated  by  the  pressure  traces 
obtained  by  McKinney.  In  many  of  the  traces,  the  envelope  mas  found  to 
drift  randomly  about  the  x-axis  of  the  tube  screen.  The  pressure  is, 
however,  proportional  to  the  amplitude  of  the  envelope  so  that  this 
drifting  has  no  effect  on  the  measurements.  No  entirely  suitable 
circuit  could  be  found  in  the  literature  in  which  the  photoelectric 
signal  is  made  to  modulate  an  audio  frequency  carrier  wave. 

Since  a rather  bright  flash  was  expected  to  result  from  the 
ignitions  tinder  study,  it  was  believed  that  , a phototube  rather  than  a 
photcmultiplyer  tube  could  be  used  as  the  sensing  device.  In  the  usual 
application  of  a vacuum  phototube,  a rather  high  resistance  is  placed 
in  series  with  it.  A DC  potential  of  anywhere  from  ten  to  several 
hundred  volts  is  placed  across  the  phototube,  resistor  combluation. 

On  illumination,  current  can  pass  through  the  phototube  and  hence 
through  the  resistor.  This  current  develops  a voltage  drop  according 
to  Ohm's  law.  A larger  value  of  resistance  leads  to  a larger  voltage 
drop  and  thus  to  a mors  sensitive  circuit.  There  is,  however,  an  upper 
limit  to  the  resistance  that  can  be  used  because  of  the  need  for  rapid 
response.  The  resistance  in  combination  with  any  stray  capacitance 
that  might  exist  between  the  two  leads  to  the  resistance  forms  a low 
pass  filter  section.  There  is  necessarily  a large  stray  capacitance 
in  the  present  case  because  of  the  fact  that  the  actual  phototube  can- 
not be  located  on  the  chassis  with  the  remainder  of  the  circuit 
elements.  The  time  constant  of  such  a filter  section  is  equal  to  BC. 

It  was  considered  likely  that  the  stray  capacitance  did  not  exceed 
0.001  microfarad.  A phototube  load  resistor  as  high  as  3 megohms 


would  then  yield  a tine,  constant  of  about  3 msec.  This  means  that  for 
an  instantaneous  rise  of  the  light  intensity  to  a definite  value;  the 
voltage  drop  would  rise  to  only  about  two-thirds  of  the  final  value  in 
3 msec.  The  start  of  the  rise  would;  however;  coincide  with  the  increase 
in  light  intensity. 

Three  different  circuits  were  used  in  the  present  study  in  order  to 
amplify  the  photocurrent  to  a value  suitable  to  deflect  the  bees  of  a 
cathode- ray  tube.  The  first  one  to  be  used  is  shown  schematically  in 
Fig.  10  and  will  be  referred  to  as  Photocircuit  I.  The  power  supply  to 
operate  the  circuit  is  located  on  a separate  chassis  along  with  a volt- 
meter to  be  used  in  connection  with  the  circuit.  The  power  supply  and 
meter  circuits  are  shown  In  Fig.  U.  TL  is  a 1P39  vacuum  phototube. 

It  is  apparent  from  Fig.  10  that  several  different  phototube  load 
resistors  can  be  chosen  by  means  of  SW1,  the  highest  of  which  has  a 
value  of  3.3  megohms.  An  AC  voltage  is  applied  to  the  phototube,  load 
resistor  combination  instead  of  a DC  potential.  The  AC  signal  is  taken 
from  the  output  of  the  power  amplifier  and  isolated  from  it  by  trans- 
former T.  The  AC  signal  from  the  phototube  load  resistor  is  then 
amplified  by  one  section  of  V2  and  supplied  to  the  vertical  plates  of 
the  cathode- ray  tube.  When  the  phototube  is  not  illuminated  there 
should  be  no  signal  at  the  phototube  cathode  and  the  cathode-ray  tube 
trace  should  be  a line.  It  was  found,  however,  that  there  was  sufficient 
stray  capacitance,  shunting  the  phototube,  to  give  a large  signal  even 
when  the  phototube  was  not  illuminated.  In  order  to  avoid  a large  "dark 
signal",  provisions  were  made  to  increase  the  bias  of  12  so  that  the 
capacitance  current  would  not  be  amplified.  This  is  effected  by  means 
of  R8  and  RIO.  During  Illumination  currant  flows  through  the  load 


Table  9.  Circuit  Constants 
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Photocircuit  I (See  Fig.  10) 

Circuit  constant 

3.3M 

HI 

li?0K 

2?0K 

120K 

950  ohms 

60K 

300K 

1CK  potentiometer 
100K 

0.0U  mfd,  U00  V 
0.002  mfd,  liOO  V 
Type  1P39 
Type  6SC? 

Audio  interstage  transformer, 
ratio  3:1,  primary  impedance 
10,000  ohms 

Selector  switch,  1 circuit, 

8 positions 


PHOTOCIRCUIT  PHOTOCIRCUITS 


Schematic  Diagrma  cif  Power  Supply  and  Meter  Circuit.  (See  Table  10) 


fable  10.  Circuit  Constanta  for  Power  Supply  and  Output 
Its  ter  (See  Fig.  11) 


Coanponent 

Circuit  constant 

HI 

6300  ohms,  20  watts 

R2,  PO 

1H 

R k 

1900  ohms 

H5 

150K 

Pv6 

75K 

R7 

200K 

Cl,  C2 

3-8  mfd,  475  7,  dual  electrolytic 

C3 

15  mfd,  UOO  7,  electrolytic 

cii,  c5 

0.1  mfd,  600  7 

C6 

UO  mfd,  25  7,  electrolytic 

71 

Type  $13  GT 

72,  73,  Vli 

Type  0A3/7R  75 

75 

Type  6Q7 

T1 

Power  transformer,  primary:  110  7, 
secondaries:  U80  7 ct,  5 7,  6.3  V 

CHI,  CH2 

filter  chokes,  30  henries 

H 

2 inch  panel  meter,  0 - 200 
microamperes 

SHI 

3F3T,  Toggle  switch 
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resistor  during  the  positive  half. cycle  of  the  voltage... at  the  phototube 
anode.  The  amplitude  of  the  output  from  72  is  then  a measure  of  the 
light  intensity. 

The  amplitude  of  the  signal  is  not  linear  with  the  photocurrent 
because  the  amplification  by  tube  72  ..decreases  only  gradually  near  the 
cut-off  point.  In  order  to  avoid  biasing  the  tube  too  much,  the  output 
signal  is  fed  to  the  meter  circuit  shown  in  Fig,  11  as  well  as  to  the 
oscilloscope.  The  meter  is  essentially  an  AC  voltmeter  having  a range 
0-10  volts  RHS.  Ten  volts  will  cause  a deflection  of  about  one-half 
scale.  Above  10  volts  the  meter  circuit  becomes  veiy  insensitive, 

100  volts  causing  a deflection  of  only  about  three-fourths  scale  so 
that  the  meter  cannot  be  overloaded.  Before  each  measurement  the  "dark 
signal"  is  set  at  20  units  on  the  meter  (ca.  0.9  volts)  by  adjusting 
RIO  so  that  a reproducible  bias  is  obtained. 

It  was  found  that  Fhatacircuit  I did  not.  respond  to  loir  levels  of 
illumination.  At  higher  levels,  the  linear  operating  region  of  the 
amplifier  tube  was  reached  and  a linear,  response  was  obtained.  At  very- 
high  levels,  the  grid  of  the  amplifier  was  overloaded  and  a constant 
amplitude  resulted. 

A second  photocircuit  was  built  in  order  to  secure  linear  response 
at  all  levels  of  light  intensity.  Photocircuit  II  is.  shown  schematically 
in  Fig.  12;  it  is  also  powered  by  the  power  supply  shown  in  Fig.  11.  In 
this  circuit  a square  wave  signal  instead  of  a sine  wave  signal  is 
supplied  to  the  phototube  anode.  The  sine  wave  signal  from  the  power 
amplifier  is  greatly  amplified  by  71.  The  positive  and  negative  peaks 
are  clipped  by  the  diode  72  resulting  in  a square  wave  signal  having 
an  amplitude  of  volts  peak  to  peak.  The  phototube  load  resistor  R8 
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Table  11.  Circuit  Constants  for  Photocircuit  II  (See  Fig,  12) 


Component 

Circuit  constant 

Cooponent 

Circuit  constant 

Rl,  R$,  R7, 

Cl,  C$,  C9 

UO  mfd,  25  V, 

R17,  R18, 
R22,  R26 

IK 

electrolytic 

C2,  Cii, 

0.1  m^d,  600  V 

R2 

4.7M 

C6,  C7 

R3,  R27 

IK 

C3,  CIO 

0.25  mfd,  600  V 

Rlt,  R16,  R19 

27  OK 

C8 

100  ramfd 

16,  R2h 

100K 

Cll 

10  mfd,  600  V, 
electrolytic 

R8 

15K 

C12 

UO  mfd,  2^0  V, 

R9 

33  CK 

electrolytic 

RIO 

1500  ohms 

VI 

Type  6SJ7 

Rll 

820K 

V2 

Type  6H6 

R12 

150K 

V3 

Type  lp39 

R13 

27K 

Vi* 

Type  12AX7 

HI h 

6.8K 

v5 

Type  6SC7 

R15 

1^0  ohms 

V6,  V7 

Type  6j5 

R20 

2200  ohms 

T 

Audio  inter- stage 
transformer,  ratio 

R21 

IK  potent! one ter 

3:1,  primary  im- 
pedance 10,000  ohms 

R23 

3300  ohms 

SW 

Selector  switch. 

R2$ 

220K 

1 circuit, 

8 positions 

R28 

U7K 

BA 

22^  V batteries 

R29 

U70K 

l 
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has  a value  of  only  15,000  ohms  so  that  the  response  should  be  essentially 
instantaneous.  The  capacitance  current  flawing  through  R8  is  in  the 
form  of  sharp  pulses  occurring  during  the  reversal  of  polarity  of  the 
square  wave  signal.  Tubes  71*,  75  and  76  serve  to  amplify  the  signal 
appearing  at  the  phototube  cathode.  The  amplifier  circuit  has  large 
Mounts  of  negative  feed-back  and  is  similar  in  design  to  the  voltage 
amplifier  used  in  connection  with  the  pressure  measuring  system.  The 
amplification  is  limited  by  the  interference  of  the  sharp  pulses  With 
the  normal  operation  of  the  tubes.  The  maximum  gain  was  determined 
experimentally;  it  was  found  to  be  preferable  to  add  a final  tri ode 
stage  77  to  the  three  stages  Tit,  75  and  76. 

Because  of  the  pulses,  the  light  intensity  is  no  longer  propor- 
tional to  the  amplitude  of  the  output  signal  from  Photocircuit  II. 

The  "dark  signal”  appearing  on  the  screen  of  the  cathode-ray  tube  is 
essentially  a line  having  sharp  vertical  pulses.  During  illumination, 
the  signal  appears  to  be  two  parallel  lines,  each  line  is  broken  into 
a series  of  dots  by  the  pulses.  The  vertical  distance  between  the  two 
lines  should  be  exactly  proportional  to  the  photocurrant  and  hence  to 
the  light  Intensity  since  each  amplifier  tube  is  biased  to  operate  on 
the  linear  portion  of  the  tube  characteristic.  The  two  lines  correspond, 
to  the  peaks  of  the  square  wave  signal  developed  across  the  phototube 
load  resistor.  The  appearance  of  a square  wave  is  not  obtained  for  two 
reasons:  (1)  The  peaks  are  distorted  because  of  the  shunting  capacitance 

across  idle  phototube.  (2)  The  vertical  motion  of  the  cathode- ray  beam 
ie  eo  rapid  during  the  reversal  of  polarity  that  the  vertical  retrace 
lines  cannot  be  seen,  giving  the  impression  that  the  two  horizontal 
lines  are  not  connected. 
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Tube  75  can  be  used  to  mix  the  signal  from  the  phototube  cathode  ! 

with  the  original  square  wave  signal  frost  diode  72.  This  allows  any 
steady  photocurrent  to  be  balanced  out*  The  initial  condition  of  the 
phototube  corresponded  to  complete  darkness  in  all  experiments  carried 
out  in  the  reactors  so  that  no  photocurrent  had  to  be  balanced  out 
(R21  was  adjusted  so  that  the  one  grid  of  75  was  always  grounded). 

The  circuit  could,  however,  be  used  for  the  static  measurement  of  light 
intensity  by  calibrating  the  position  of  R21j  the  oscilloscope  could 
then  be  used  as  a null  detector. 

The  sensitivity  of  Photocircuit  II  can  be  reduced  by  adjusting 
switch  SW.  There  are  four  gain  ranges  available.  The  feedback  feature 
of  the  amplifier  it;  lost  when  SW  is  not  in  the  position  of  highest 
gain}  however,  no  other  satisfactory  method  could  be  found  to  provide 
separate  gain  ranges.  The  light  emission  in  some  of  the  reactions 
studied  was  so  great  that  even  the  lov.cst  gain  range  of  Photocircuit  II 
gave  a signal  that  was  too  large.  In  order  to  decrease  the  intensity 
of  light  impinging  on  the  phototube,  a brass  orifice  was  constructed  to 
fit  over  the  Plexiglass  window.  The  diameter  of  the  effective  window 
area  was  thereby  reduced  from  about  0.5  inch  to  about  0.3  inch. 

The  power  amplifier,  described  in  an  earlier  section,  supplies 
the  carrier  wave  to  both  Photocircuit  I and  II  as  well  as  to  the  pres- 
sure measuring  system.  This  simplifies  the  problem  of  relative  timing 
between  a simultaneous  pressure  and  light  emission  measurement. 

Photocircuit  II  has  a slight  practical  disadvantage  because  of 
the  fact  that  the  amplitude  of  the  oscilloscope  trace  is  strictly 
linear  with  the  intensity  of  illumination  of  the  phototube.  It  is 
often  necessary  to  make  several  runs  of  the  same  reaction  before  the 
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correct  gain  range  of  the  amplifier  is  chosen  so  that  neither  too  small 
nor  too  large  a deflection  is  obtained.  Photoeireuit  III  was  designed 
and  built  to  use  with  reactions  where  only  the  first  moment  of  luminos- 
city  is  to  be  recorded.  Photocircuit  III  is  shown  schematically  in 
Fig.  13.  It  is  also  powered  by  the  power  supply  shown  in  Fig.  11.  The 
phototube  anode  is  supplied  by  a U5  volt  battery.  The  phototube  load 
resistor  R9  has  a value  of  100, 000  ohms  insuring  both  rapid  response  and 
good  sensitivity.  The  signal  from  the  phototube  cathode  is  amplified 
by  a three  stage  AG  amplifier  having  large  amounts  of  negative  feedback. 
The  circuit  is  almost  identical  in  design  to  the  voltage  amplifier  used 
in  the  pressure  measuring  system.  The  sensitivity  of  the  amplifier 
circuit  is  controlled  by  the  selection  of  the  feedback  resistor  by  means 
of  switch  SW.  The  output  of  the  circuit  is  applied  to  the  vertical 
plates  of  the  oscilloscope  just  as  in  the  case  of  other  photocircuits. 
The  circuit  provides  only  a single  line  trace.  The  gain,  however,  is 
very  high  (when  SIT  is  in  positions  1,  2 or  3)  compared  to  Photocircuits 
I and  II.  At  the  moment-  of  light  emission,  the  amplifier  is  immediately 
overloaded  and  the  cathode-ray  beam  is  violently  deflected.  Because  of 
the  overloaded  condition  of  the  circuit,  the  output  may  show  several  low 
frequency  oscillations  and  require  some  tins  to  return  to  its  original 
position  once  the  light  emission  has  ceased.  The  circuit  is  thus  use- 
ful when  only  the  first  moment  of  luainoscity  is  of  interest. 

In  order  to  allow  the  simultaneous  recording  of  both  pressure  and 
light  emission,  it  is  clearly  necessary  to  employ  two  oscilloscopes 
and  two  cameras.  The  oscilloscope  described  in  connection  with  the 
pressure  measuring  system  will  be  referred  to  as  Oscilloscope  I.  The 
oscilloscope  that  was  used  to  record  light  emission  measurements  was 


68 


• 

O 

Table  12. 

Circuit  Constants  f 

or  Photoclreuit  HI  (See  Fig.  13) 

Component 

Circuit  constant 

Component 

Circuit  constant 

} 

l' 

1 

1 

HI 

IK 

Cl,  C2, 

25  mfd,  25  V, 

C3 

electrolytic 

1 

R2 

220  ohms 

1 

cb,  c5. 

0.1  mfd,  1*00  V 

\ 

1 

R3 

68  ohms 

06 

I 

i 

* 

Rlt 

22  ohms 

C7 

0.2  mfd,  600  V 

R5 

10  ohms 

C8 

0.1  mfd,  600  V 

t 

R6 

3.3  ohms 

C9 

8 mfd,  1*50  V, 

f 

electrolytic 

I 

R7 

1 ohm 

(•: 

VI 

Type  1P39 

r ( 

R8 

0 ohms 

r ' 

V2 

Type  6SJ7 

R 9 

100K 

i 

V3 

Type  6SK7 

f 

»’ 

RIO,  Rll, 

IK 

i 

i 

R12 

VU 

Type  6SC7 

i 

R13,  RlU 

22QK 

sir 

Selector  snitch. 

1 circuit. 

u 

Rl5 

100K 

8 positions 

t‘ 

i 

R16 

1.5M 

■( 

R17,  R18 

IX 

\ 

\ 

R19 

1M 

i 

i. 

R20 

650K 

! 

t 

1 

! 

R21 

10K 

lM 

! 


( 
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) built  during  the  course  of  the  study.  A schematic  diagram  of  Oscillo- 

scope II  is  shewn  in  Fig*  lU.  The  circuit  is  of  conventional  design; 

Rli  controls  the  vertical  position  of  the  beam,  R8  is  the  focus  control, 
and  RIO  is  the  intensity  control*  The  horizontal  deflection  plate  DU 
is  connected  to  the  time  base  generator  in  the  maimer  described  previous- 
ly. The  intensity  modulation  electrode  of  both  oscilloscopes  are 
permanently  connected  to  each  other  so  that  the  timing  marks  produced 
by  the  pulse  generator  register  simultaneously  on  both  oscilloscopes. 
Another  camera  identical  to  the  one  described  previously  was  purchased 
and  used  in  conjunction  with  Oscilloscope  II. 

Measurement  of  Injection  Rate 

The  methods  used  to  measure  the  injection  rate  in  the  case  of 
Reactor  I mere  described  by  McKinney.^  In  the  case  of  Reactor  II  it 
mas  considered  imperative  to  devise  a method  that  would  be  capable  of 
measuring  the  exact  time  of  the  start  and  finish  of  injection.  The 
time  at  which  the  Injection  begins  must  be  accurately  known  in  order  to 
measure  the  ignition  delay  tine.  The  time  at  which  the  injection  is 
completed  most  be  known  in  order  to  verify  the  mixing  efficiency.  The 
method  finally  employed  gives  the  time  corresponding  to  a number  of 
positions  of  the  piston  system  during  the  period  of  descent. 

The  method  involves  the  use  of  a serrated  brass  rod.  The  rod  is 
three- sixteenths  inch  in  diameter  and  fits  freely  into  a hole  in  the 
top  of  either  cylinder  block.  The  rod  is  attached  loo$ely  to  the  top 
of  the  two  smaller  pistons  so  that  the  rod  descends  at  the  same  rate 
as  the  piston  system  during  injection.  A strong  light  beam  is  passed 
through  a hole  perpendicular  to  the  rod.  The  light  transmitted 
through  the  rod  shines  on  a phototube.  As  the  rod  descends  the  light 


ll*.  Schematic  Diagram  of  Oscilloscope  II.  (See  Table  13) 


Table  13*  Circuit  Constants  for  Oscilloscope  II  (See  Fig*  lit) 


Coop  orient 

Circuit  constant 

Component 

Circuit  constant 

HI,  HZ 

120K 

Cl 

1 mfd,  3000  V 

R 3 

1H  potentiometer 

C2 

0.$  mfd,  600  V 

Hit,  R7, 

U70K 

C3 

0.01  mfd,  3000  V 

R12 

Clt 

0.1  mfd,  600  V 

R5,  R6, 

220K 

E9 

¥1 

Type  212  A 

R8 

250K  potentiometer 

72 

Type  5BP11A 

EllO 

100K  potentiometer 

T1 

Power  transformer, 
primary  110  V, 

Rll 

5M 

secondary  1000  V 

R13 

IK 

T2 

Filament  transformer 
primary  110  V, 
secondary  2.5  7 

T3 

Filament  transformer 
primary  110  V, 
secondary  6.3  V 

( 
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beam  is  chopped  by  the  serrations  on  the  rod  giving  rise  to  a rapidly 
alternating  light  intensity  at  the  phototube* 

A typical  experimental  arrangement  for  the  measurement  of  the 
injection  rate  is  shown  in  Fig.  15.  The  light  source  A is  a l£0  matt 
reflector  spot  bulb.  The  light  is  collected  just  ahead!  of  the 
serrated  rod  B by  a ground  glass  screen  in  the  form  of  a glass  tube  C 
tapered  to  about  0.10  inch  diameter  and  ground  flat.  The  transmitted 
light  shines  through  a Wooden  adaptor  D into  the  brass  container  E in 
uhich  the  phototube  is  mounted.  The  rod  B is  loosely  attached  to  a 
brass  plate  F.  During  injection,  the  plate  is  secured  between  the 
driving  piston  and  the  two  smaller  pistons  so  that  the  rod  cannot 
descend  ahead  of  the  pistons. 

The  rod  pictured  in  Fig.  l£  has  five  serrations  per  inch.  Rods 
having  four  per  inch  and  five  per  seven-eighths  inch  were  also  used. 

The  rods  ware  prepared  on  a metal  working  lathe.  The  pitch  of  the 
serrations  were  cut  to  the  desired  dimensions  accurately  to  within  a 
few  thousandths  of  an  inch.  Rods  made  of  Plexiglass  and  painted  With 
black  stripes  were  also  used  to  measure  the  injection  rate.  These  rods 
were  also  prepared  accurately  on  the  lathe.  They  were  found  to  be  very 
susceptible  to  damage  although  they  transmit  a much  higher  fraction  of 
the  incident  light  intensity. 

Photocircuit  III  shown  in  Fig.  13  was  used  for  the  measurement 
of  injection  rate.  The  intensity  of  the  light  transmitted  by  the 
descending  rod  was  much  smaller  than  that  emitted  by  the  explosions 
under  study  so  that  the  circuit  was  at  no  time  overloaded.  The  oscillo- 
scope trace  is  a single  line  showing  oscillations  corresponding  to  the 
changing  light  intensity.  Some  of  the  preliminary  measurements  were 
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Fig.  15.  Apparatus  for  Measurement  of  Injection  Rate 


made  with  a single  tube,  battery  operated  preamplifier  connected  be- 
tween the  phototuba  rad  Photoeireult  HI,  In  othar  prell  ninety 
experiments  othar  trial  amplifier  circuits  acre  employed.  The  auceaaa 
of  a given  measurement  can,  however,  be  evaluated  by  the  reaulting 
trace*  If  the  observed  oscillation  pattern  agrees  with  that  expected 
from  the  known  pitch  of  the  serrations,  the  stroke  of  the  piston  system, 
and  the  initial  position  of  the  rod  relative  to  the  light  beam}  there 
can  be  little  doubt  that  the  oscillations  are  actually  due  to  the 
changing  light  intensity.  All  of  the  important,  data,  however,  were 
obtained  with  Photocircuit  III  just  ss  it  is  shown  in  Tig*  13* 

The  tine  corresponding  to  each  peak  on  the  oscilloscope  trace 
can  be  obtained  by  cosqparing  the  trace  to  a pressure  trace  recorded 
simultaneously . The  Method  will  be  described  in  detail  in  & later 
chapter* 

Low  Temperature  Operation 

A thermostatic  bath  was  constructed  to  enable  the  study  of 
ignitions  occurring  at  low  temperatures.  The  bath  was  constructed 
from  an  obsolete  waterless  cooker.  The  oooker  is  a well  insulated 
metal  tank  about  10  inches  in  diameter  and  12  inches  deep.  A wooden 
frame  was  built  to  fit  entirely  around  the  tank.  An  angle  iron  support 
attached  to  the  wooden  frame  made  it  possible  to  mount  Reactor  II  in 
the  bath.  The  reactor  is  normally  immersed  to  about  the  top  of  the 
cylinder  block.  Attached  to  the  support  is  a coil  made  of  about  20 
feat  of  one-quarter  inch  copper  tubing.  The  tubing  leads  to  an 
American  Instrument  Co.  one-thirtieth  horsepower  pump  which  is  immersed 
in  a large  Dewar  flask  containing  a mixture  of  trichloroethylene  and 
dry  ice  chunks.  The  large  tank  is  also  filled  with  trichloroethylene . 
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A stirring  motor  is  mounted  over  the  large  tank  to  facilitate  heat  trans- 
fer between  the  cooling  coil  and  the  reactor. 

In  operation,  the  pump  circulates  trichloroethylene  from  the 
trichloroethylene,  dry  ice  mixture  through  the  cooling  coils  in  the  bath. 
Temperatures  as  low  as  -60°C  can  be  easily  obtained  in  the  bath  by  this 
method.  Because  of  the  extremely  short  duration  of  the  reactions  to  be 
studied,  it  is  necessary  only  to  bring  the  reactor  to  the  desired  temp- 
erature, to  maintain  it  manually  for  some  time  to  minimise  temperature 
gradients  in  the  reactor  parts,  and  to  initiate  the  reaction. 

The  reactor  temperature  is  measured  by  a coppen-conetantan  thermo- 
couple located  in  a hole  in  the  cylinder  block.  The  thermocouple  is 
located  within  three-eights  inch  of  the  cylinders  containing  the 
reactants  so  that  it  should  indicate  accurately  the  initial  temperature 
of  the  reactants.  The  metal  parts  of  the  reactor  located  above  the 
cylinder  block  could  not  be  immersed  in  the  bath.  Because  of  this, 
there  was  an  unavoidable  vertical  temperature  gradient.  The  temperature 
difference  between  the  reactant  solutions  and  the  bath  itself  seldom 
exceeded  5°C.  In  effect,  then,  the  reactants  contact  and  mix  at  a 
temperature  very  nearly  equal  to  that  indicated  by  the  thermocouple. 

The  walls  of  the  interior  of  the  reactor,  however,  may  be  at  a slightly 
lower  temperature. 


CHAPTER  III 
REACTOR  OPERATION 

During  the  course  of  this  study,  numerous  tests  of  the  performance 
of  the  apparatus  mere  made.  These  tests  mere  intended  (1)  to  check  the 
linearity  of  the  transient  pressure  measuring  system  and  to  calibrate 
the  strain  gages,  (2)  to  calibrate  the  methods  used  to  measure  the  final 
pressure  of  the  product  gases,  (3)  to  check  the  linearity  of  Photocircuit 
II,  (U)  to  measure  the  injection  rate,  (5)  to  measure  the  rate  of  mixing 
of  the  reactants,  and  (6)  to  determine  the  response  of  the  transient 
pressure  measuring  system. 

Calibration  of  the  Transient  Pressure  Measuring  System 

The  transient  pressure  measuring  system  is  composed  of  the  poser 
amplifier  output  meter,  the  strain  gage,  the  voltage  amplifier,  the 
cathode-ray  oscilloscope  and  the  camera.  The  design  of  the  system  is 
such  that  the  amplitude  of  the  oscilloscope  trace  is  a function  of  the 
pressure  applied  to  the  gage.  For  the  amplitude  to  be  directly  propor- 
tional to  the  applied  pressure,  each  component  must  have  a linear 
response.  Instead  of  checking  the  linearity  of  each  portion  of  the 
system,  the  entire  system  mas  calibrated  at  the  same  time. 

To  make  static  calibrations  of  the  transient  pressure  measuring 
system,  two  Bourdon- type  pressure  gages  mere  used.  One  of  these  has  a 
range  of  0 to  160  lb.  per  sq.  in.  and  the  other  has  a range  of  0 to 
1000  lb.  per  sq.  in,  The  smaller  gage  mas  calibrated  on  a dead- weight 
tester  by  McKinney  and  found  to  be  accurate  to  within  1%.  Both  gages 
mere  recalibrated  using  the  triple  point  pressure  of  carbon  dioxide. 

The  absolute  triple  point  pressure  of  carbon  dioxide  is  75.2  lb.  per 
sq.  in.-^  The  larger  gage  was  also  checked  against  the  vapor  pressure 
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of  carbon  dioxide  at  0°C  which  Is  $0 $.6  lb.  per  sq.  ln.^  Both  gages 
were  found  to  be  within  2%  accuracy  as  guaranteed  by  the  manufacturer. 

An  apparatus  was  constructed  to  facilitate  the  calibration  proce- 
dure. It  consisted  of  a small  steel  tank  connected  h 7 means  of  steel 
piping  to  one  of  the  Bourdon  gages,  a strain  gage,  and  a steel  valve. 

The  tank  was  filled  with  dry  ice  before  being  attached  to  the  apparatus. 
For  the  absolute  calibration  of  the  Bourdon  gages,  the  air  had  to  be 
removed.  This  was  done  by  alternately  allowing  some  of  the  dry  ice  to 
vaporize  and  then  applying  4 vacuum  to  the  system.  The  pressure  gradually 
rose,  once  the  valve  was  finally  closed.  The  pressure  remained  constant 
for  some  time  when  the  triple  point  was  reached.  After  all  of  the  dry 
ice  liquefied,  the  pressure  again  began  to  rise  slowly.  Calibrations 
of  the  transient  pressure  measuring  system  were  also  carried  out  directly 
in  the  reactors.  In  this  case  either  dry  ice  or  liquid  nitrogen  was  used 
to  generate  the  static  pressure. 

The  pressure  record  was  obtained  by  firing  the  time  base  and  photo- 
graphing the  screen  of  the  oscilloscope.  Several  cardboard  maskti  were 
made  to  fit  over  the  film  in  the  film  holders  of  the  camera  so  that 
only  a small  segment  of  the  film  could  be  exposed  at  a time.  A typical 
pressure  calibration  trace  is  shown  in  Fig.  16.  There  are  eight 
positions  on  the  film,  each  corresponding  to  a particular  value  of  the 
static  pressure.  The  frequency  of  the  carrier  wave  was  1080  cycles  per 
second  for  the  trace  shown  in  the  figure.  Frequencies  between  1000  and 
1200  cycles  per  second  were  used  for  all  of  the  transient  pressure 
measurements  so  that  the  calibration  traces  simulated  the  actual  condi- 
tions of  a run  very  closely.  The  amplitude  of  the  traces  were  measured 
on  the  photographic  negative  with  an  accurate  centimeter  scale. 


Fig.  16.  Calibration  Trace,  Transient  Pressure 
Measuring  System. 
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Plots  of  amplitude  vs.  pressure  are  shown  in  Fig.  1?  and  Fig.  18 
for  the  four  strain  gages.  The  data  shown  in  the  figures  were  obtained 
using  the  least  sensitive  of  the  fire  gain  ranges  of  the  voltage  ampli- 
fier. The  plots  show  that  the  measured  amplitude  is  accurately  propor- 
tional to  the  applied  pressure , except  for  the  small  zero  pressure 
amplitude.  The  zero  pressure  amplitude  was  not  zero  because  of  the 
finite  size  of  the  cathode-ray  beam.  The  pressure  measuring  system  was 
calibrated  frequently.  The  sensitivities  of  the  system  for  the 
important  strain  gage,  amplifier  range  combinations  are  given  in  Table 
lit. 


Table  lit.  Sensitivities  of.  the  Transient 
Pressure  Measuring  System 


Range  of  strain  gage, 
in  lb.  per  sq.  in. 

Amplifier 

output 

Sensitivity, 
in  atm.  per  cm. 

0-500 

1 

7.68 

0 - 150 

1 

2.11 

0 - 150 

2 

1.15 

0-100 

1 

0.980 

0-100 

2 

0.52U 

0-100 

k 

0.226 

o-5o 

1 

0.629 

o-5o 

3 

0.183 

o - 5o 

k 

0.133 

Transient  pressures  slightly  higher  than  500  1b.  psr  sq.  in.  were 
obtained  for  certain  of  the  fuel- oxidant  systems  under  study.  It  was 
likely,  however,  that  the  0 to  500  lb.  per  sq.  in.  gage  had  a linear 
response  well  above  its  stated  range.  This  is  evidenced  by  the  fact 
that  the  rated  full-scale  millivolt  output  was  not  reached  at  a pressure 
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of  500  lb.  per  sq.  in.  It  is  apparent  from  Fig.  18  that  the  gage  was 
calibrated  up  to  500  lb.  per  sq.  in.  It  was  not  considered  a safe 
procedure  to  apply  any  more  pressure  to  the  calibration  apparatus. 

Several  abrupt  changes  of  calibration  were  noted  for  the  0 to  50  lb. 
per  sq.  in.  gage.  The  runs  in  which  the  gage  was  used  were  sufficiently 
bracketed  by  calibrations  so  that  the  sensitivity  changes  did  not  affect 
the  pressure  data.  The  calibration  changes  were  found  to  be  due  to  a 
poor  contact  in  the  voltage  amplifier.  No  further  changes  occurred  once 
the  contact  had  been  repaired. 

A voltage  divider  was  built  that  could  replace  the  strain  gage  in 
the  circuitry.  Periodic  measurements  of  the  amplitude  of  the  oscillo- 
scope trace  using  the  same  voltage  divider  wore  employed  to  ascertain 
the  stability  of  the  circuit  elements  other  than  the  strain  gage. 
Amplitude  measurements  made  over  a period  of  two  and  one-half  years 
showed  a maximum  deviation  of  6%  from  the  mean  value. 

Calibration  of  the  Final  Pressure  Measuring  Systems 

The  calibration  of  the  0 to  160  lb.  per  sq.  in.  Bourdon  gage  has 
already  been  described.  The  mercury  manometer  method  was  used  to 
measure  final  pressures  for  some  of  the  reactions  studied  in  Reactor  II. 
The  volume  of  the  reactor  varied  during  these  measurements  because  of 
the  fact  that  different  piping  arrangements  were  used  to  connect  the 
reactor  to  the  strain  gage.  The  total  volume  of  Reactor  II  and  the 
manometer  connections  for  a particular  piping  arrangement  was  found  to 
be  387  i 3 cc.  by  an  air  expansion  method  using  a calibrated  gas  buret 
for  reference.  The  volume  of  the  manometer  and  connections  was  estimated 
from  their  dimensions  to  be  62  cc.  The  volume  of  the  reactor  was  thus 
found  to  be  325  cc.  The  volume  of  the  reactor  with  different  piping 


arrangements  was  estimated  by  measuring  the  volumes  of  the  individual 
pipe  fittings  and  correcting  the  total  reactor  volume.  In  this  way  the 
manometer  readings  could  be  corrected  for  the  expansion  of  the  product 
gases  into  the  manometer. 

The  calibration  of  the  0 to  100  lb.  per  sq.  in.  strain  gage  in 
combination  with  the  Midwestern  oscillograph  was  made  by  applying  static 
pressures  of  carbon  dioxide  to  the  gage  by  the  method  described  prev- 
iously. The  pressure  record  was  obtained  by  ruxming  the  chart  drive  of 
the  oscillograph  for  a few  seconds  for  each  pressure  value.  The  distance 
between  the  trace  line  and  a reference  line  was  measured  with  an  accurate 
centimeter  scale.  The  result  of  the  calibration,  is  shown  in  Fig.  19. 

The  expansion  final  pressure  method  that  was  used  extensively  with 
Reactor  II  required  the  calibration  of  the  large  bulb  system.  To 
accomplish  this  a large  vacuum,  dessicator  was  filled  with  exactly  5>000 
cc.  of  water.  The  remainder  of  the  volume,  of  the  dessicator  was  measured 
by  an  air  expansion  method,  comparing  it  to  a calibrated  gas  buret  having 
a volume  of  hh$>6  cc.  The  volume  of  the  bulb  system  including  connec- 
tions was  found  to  be  5,660  1 30  cc.  by  comparing  it  to  the  empty 
dessicator.  For  these  runs  the  reactor  piping  arrangement  was  the  same 
except  for  the  number  of  valves  attached  to  the  reactor.  Most  of  the 
runs  were  made  with  a single  valve.  The  reactor  volume  was  found  to  be 
339  i 2.5  cc.  for  this  case*  The  volume  added  by  each  valve  was 
estimated  to  be  6 cc.  so  that  the  reactor  volume  was  333  cc.,  339  cc., 
or  3h$  cc.,  depending  upon  whether  no  valves,  one  valve  or  two  valves, 
respectively,  were  used.  For  the  one  valve  case,  the  pressure  of  the 
product  gases  was  reduced  by  a factor  of  17.7* 
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Calibration  of  Photocircuit  II 

Fhotocircuit  U was  stated  to  have,  a nearly  linear  response.  A 
simple  test  of  this  based  upon  the  inverse  square  law  was  made.  The 
filament  of  a 200  watt  unfrosted  light  bulb  served  to  approximate  a 
point  source  of  light.  The  bulb  was  connected  to  the  125  V DC  line  so 
that  steady  illumination  was  obtained.  One  of  the  observation  arms  of 
Reactor  II  was  detached  from  the  remainder  of  the  reactor.  The  Plexi- 
glass window  was  secured  to  one  end  of  the  observation  arm  in  the  usual 
way.  The  brass  phototube  container  was  then  attached  to  the  window 
assembly  in  the  maimer  used  in  making  a run.  A ground  glass  screen  was 
temporarily  glued  to  the  other  end  of  the  observation  arm.  Measurements 
of  the  amplitude  of  the  oscilloscope  trace  were  made  as  a function  of 
the  distance  between  the  filament  of  the  light  bulb  and  the  ground  glass 
screen.  The  amplitude  was  recorded  by  photographing  the  screen  of  the 
oscilloscope  using  the  same  technique  that  was  described  in  connection 
with  the  calibration  of  the  transient  pressure  measuring  system.  A 
typical  photoelectric  calibration  trace  is  shown  in  Fig.  20.  The  dis- 
tance between  the  parallel  dotted  lines  is  the.  measure  of  the  light 
intensity.  The  linearity  of  the  circuit  can  be  Judged  from  the  constancy 
of  the  product  of  the  measured  amplitude  and  the  square  of  the  distance. 
The  data  are  shown  in  Table  15. 

The  relative  sensitivity  of  the  gain  ranges  of  Photocircuit  II  was 
determined.  This  was  accomplished  by  measuring  the  ratio  of  the  ampli- 
tudes produced  by  adjacent  gain  ranges  using  identical  illumination. 

The  relative  sensitivities  are  given  in  Table  16.  The  intensity  of  the 
light  emitted  by  different  reactions,  however,  cannot  be  compared  accur- 
ately. Much  of  the  light  reaches  the  phototube  by  reflection  from 
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Fig.  20,  Calibration  Trace,  Photocircuit  II. 
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Table  l£.  Test  of  Linearity  of  Photocircuit  II 


Distance  from  source 
to  screen,  in  inches 

Amplitude, 
in  cm. 

Product  of  amplitude 
and  the  square  of 
distance,  in  cm.  in. 

27 

Q.U3 

3lli 

19 

0.80 

28? 

12 

1.91 

275 

9 

3.28 

266 

8 

lu03 

2f>8 

5.5 

6,80 

206 

Table  16.  Relative  Sensitivity  of  Photocircuit  II  Ranges 


Amplifier 

setting 

Aperture, 
in  inches 

Relative 

sensitivity 

1 

*0.5 

100 

3 

*0.5 

U5.1i 

1 

**0.3 

29.9 

3 

**0.3 

13.6 

U 

**0.3 

3.91 

* Without  brass  orifice 
**  With  braes  orifice 


various  metal  surfaces  within  the  reactor.  The  reflectivity  of  these 
surfaces  could  not  be  considered  constant  from  one  run  to  another.  The 
Plexiglass  window  was  found  to  corrode  gradually  trough  contact  with 
corrosive  reaction  products.  The  Plexiglass  window  was  frequently 
polished  to  minimize  the  effect  of  the  corrosion.  In  the  later  phases 
of  the  research,  a window  made  of  one-eighth  inch  Kel-F  was  used  to 


shield  the  heavier  Plexiglass  window  from  corrosive  agents.  No  further 
corrosion  of  the  window  was  noted. 

Rate  of  Injection 

The  injection  rates  obtainable  with  Reactor  I were  measured  by 
McKinney.  His  method  will  be  briefly  reviewed.  The  cylinders  were 
filled  80#  full  with  chloroform;  the  remaining  space  was  filled  with 
salt  solution.  Contacts  were  set  up  at  the  outlet  from  the  jets. 
Initially,  a small  drop  of  salt  solution  closed  the  contact.  When  in- 
jection began,  the  chloroform  opened  the  contact.  When  injection  was 
8056  complete,  the  contact  was  again  closed  by  the  salt  solution.  A 1000 
cycle  signal  was  impressed  upon  the  vertical  plates  of  the  oscilloscope 
through  the  contacts  so  that  the  time  between  the  start  of  injection  and 
60£  of  complete  injection  could  be  recorded.  McKinney  found  that  the 
large  piston  descended  in  9 msec,  and  the  small  piston  in  £ msec,  under  a 
driving  pressure  of  1700  lb.  per  sq.  in.  The  pistons  were  operated  separ- 
ately during  these  tests.  The  descent  of  the  small  piston  would  probably 
be  slowed  by  the  back  pressure  created  by  the  stream  issuing  from  the 
large  jet.  The  time  required  to  obtain  the  complete  evolution  of  oxygen 
in  the  reaction  between  acidic  hydrogen  peroxide  and  concentrated  calcium 
permanganate  was  indeed  found  to  be  about  9 msec. 

Several  measurements  of  the  injection  rate  with  Reactor  I were  made 
in  the  present  research.  The  method  involved  the  use  of  fine  copper 
wires.  Two  of  the  wires  were  attached  in  the  form  of  a cross  by  means 
of  a small  bead  of  DeKhotinsky  wax.  The  wax  prevented  the  wires  from 
contacting  each  other.  The  bead  was  placed  on  one  of  the  injection 
plates  so  that  the  piston  would  land  directly  on  the  bead  at  the  com- 
pletion of  injection.  The  bead  was  crushed  by  the  force  of  the  piston 


so  that  the  wires  were  brought  into  contact,  at  least  momentarily . A 
1000  cycle  signal  was  impressed  on  the  vertical  plates  of  the  oscillo- 
scope in  such  a way  that  the  signal  would  be  short  circuited  when  the 
contacts  closed.  By  counting  the  number  of  cycles  recorded  on  the 
oscilloscope,  the  tine  interval  between  the  closing  of  the  boob  contacts 
in  the  pneumatic  injector  and  the  completion  0f  injection  was  obtained* 
McKinney  found  that  piston  descent  normally  began  about  one  msec,  after 
the  bomb  contacts  dosed*  The  method  had  the  advantage  that  both  pistons 
were  operating  in  the  usual  fashion  during  the  measurement*  One  measure- 
ment using  water  in  both  cylinders,  showed  that  tha  large  piston  completed 
its  descent  10.5  msec,  after  the  bomb  contacts  closed.  The  measurement 
clearly  agrees  with  the  result  obtained  by  McKinney. 

Several  attempts  had  to  be  made  before  the  contacts  could  be  properly 
placed  under  the  small  piston.  One  successful  measurement  was  made  of 
the  injection  of  water.  The  trace  is  shown  in  Fig.  21.  In  this  run,  the 
small  piston  did  not  complete  its  descent  until  lU  msec,  after  the  bomb 
contacts  closed.  This  result  demonstrates  that  the  small  piston  would 
not  have  completed  its  descent  until  3*5  mssc.  after  the  large  one, 
assuming  that  the  large  piston  again  required  10*5  msec,  to  descend. 

The  descent  of  both  pistons  in  Reactor  II  must  begin  and  end  at 
precisely  the  same  instant.  The  injection  is  followed  by  noting  the  time 
between  pulses  of  light  transmitted  by  either  a serrated  brass  rod  or  a 
striped  Plexiglass  rod  that  descends  with  the  piston  system.  A number 
of  measurements  were  made  of  the  injection  rate  for  the  injection  of 
water  from  both  cylinders  of  Reactor  H.  A typical,  trace  is  shown  at 
the  top  of  Fig.  22.  The  rod  used  in  run  116  was  made  of  Plexiglass. 

It  was  Initially  positioned  so  that  the  phototube  was  fully  illuminated. 


Time 


Fig.  21 


Timing  Trace  for  Small  Piston,  Reactor  I, 
Time  Base:  70  msec. 
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Fig.  22.  Injection  Rate  Traces,  Injection  of  Water, 
Reactor  II,  Time  Base:  11  msec. 
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The  stripes  wen  evenly  spaced  so  that  there  were  four  opaque  and  four 
clear  positions  per  inch  of  rod.  The  stroke  of  the  piston  system  was 
set  at  seven-eighths  inch  so  that  three  and  one-half  cycles  sere  ex- 
pected. The  final  condition  would  correspond  to  complete  darkness.  The 
oscillation  pattern  on  the  photoelectric  trace  agrees  with  that  expected 
from  the  conditions  of  the  experiment.  A sine  wave  having  a frequency 
of  1080  cycles  per  second  was  recorded  simultaneously  on  Oscilloscope  I 
and  is  shown  at  the  bottom  of  Fig.  ?2.  The  wave  was  produced  by 
unbalancing  the  bridge  of  the  strain  gage,  recording  a signal  of  constant 
amplitude. 

The  rate  of  injection  was  calculated  from  the  trace  in  the  follow- 
ing manner:  The  distance  from  the  start  of  the  trace  (at  left  of 
figure)  to  each  peak  was  measured  with  an  accurate  centimeter  scale. 

The  length  of  the  trace  from  the  start  to  the  timing  mark  (located  about 
three-fourths  of  the  way  across  the  trace)  was  also  measured.  Only  one 
120  cycle  timing  mark  appeared  on  this  particular  trace.  The  pulse  gen- 
erator that  was  responsible  for  the  timing  mark  was  connected  to  the 
intensity  electrode  of  both  oscilloscopes  so  that  the  break  in  both 
traces  occurred  at  the  same  instant.  The  distance  to  each  peak  and  to 
the  timing  mark  was  also  measured  on  the  sine  wave  trace.  The  same  time 
base  drives  the  horizontal  plates  of  both  oscilloscopes.  The  deflection 
sensitivity  of  the  oscilloscopes  were  not  identical,  however,  so  that 
the  distance  measured  on  one  of  the  traces  must  be  divided  by  the  sensi- 
tivity ratio.  The  sensitivity  ratio  is  equal  to  the  ratio  of  the 
measured  distances  from  the  start  of  each  trace  to  the  timing  mark  on 
each  trace.  The  distances  to  each  peak  on  the  photoelectric  trace  were 
reduced  accordingly.  The  sine  wave  has  a frequency  of  1080  cycles  per 
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sac.  This  frequency  was  pre-set  accurately  since  it  is  an  even  multiple 
of  120  cycles  per  sec.  The  distance  between  each  peak  on  the  sine  wave 
trace  then  corresponds  to  0.926  msec.  A plot  is  aade  of  the  distance 
from  the  start  of  the  sine  wave  trace  to  each  peak  vs.  the  time  corres- 
ponding to  each  peak.  The  tine  corresponding  to  each  peak  on  the  photo- 
electric trace  can  then  be  found  from  the  plot. 

Bach  peak  on  the  photoelectric  trace  corresponds  to  either  a 
condition  of  maximal  light  trensmittancy  or  minimum  -light  transmit tancy . 
The  time  between  each  peak  most  then  correspond  to  one-eighth  inch  of 
descent  of  the  piston  system.  A plot  of  the  piston  position  vs.  time 
can  then  be  made.  The  position  vs.  time  plots  for  the  injection  of 
water  in  Reactor  H were  found  to  be  accurately  linear.  The  slopes  of 
the  plots  were  obtained  by  a least  squares  method.  Some  of  the  plots 
obtained  are  shown  in  Fig.  23.  The  origin  was  arbitrarily  placed  so 
that  the  least  squares  line  would  pass  through  it.  The  exact  tine  of 
the  start  and  the  finish  of  injection  cannot  be  measured  as  accurately 
as  the  rate  of  injection  because  the  pitch  of  the  markings  on  the  rod 
is  known  more  accurately  than  either  the  initial  or  final  positions  of 
the  rod  with  respect  to  the  light  beam.  The  time  of  the  start  and 
finish  of  injection,  however,  could  not  be  in  error  by  more  than  0.2  msec. 

The  data  shown  in  Fig.  23  were  obtained  with  Reactor  II  using  the 
one-to-one  reactant  ratio.  Both  cylinders  initially  contained  water. 

The  runs  were  made  as  a function  of  the  pressure  of  the  driving  gas. 

The  fact  that  the  rate  of  descent  of  the  piston  system  is  constant 
throughout  injection  indicates  that  the  moving  parts  must  accelerate 
very  rapidly  to  the  equilibrium  velocity.  All  of  the  data  obtained 
for  the  injection  of  water  are  shown  In  Table  17.  The  rat*  of  injection 
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Fig,  23.  Injection  Rate  Measurements , Reactor  II. 
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l Table  17.  Injection  Rate  Measurements,  Reactor  II 


Run 

Reactant 

ratio 

Pressure  of 
driving  gas, 
in  lb.  per 
sq.  in. 

Injection 
tine,  in 
msec. 

73 

li  : 1 

1800 

Iu27 

98 

U : 1 

1700 

U.31 

Hi* 

1 t 1 

1950 

1.79 

119 

1 * 1 

1900 

1.71 

117 

1 s 1 

lil00 

1.96 

316 

1 i 1 

1000 

2.21 

120 

1 t 1 

600 

2.8U 

123 

1 t 1 

1700 

1.91 

1 2k 

1 : 1 

1700 

1.91 

10 

1 : 1 

1900 

2.65 

12 

1 * 1 

1800 

2.83 

i 


( 


I 
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is  expressed  as  tbs  tine  required  for  the  pistons  to  descend  seven- 
eighths  inch.  Two  runs  73  and  98  sere  made  using  the  four- to- one  injec- 
tion ratio.  Runs  lib.  to  120,  inclusive,  sere  aade  with  very  loose 
piston  gaskets  in  order  to  avoid  the  effect  of  gasket  resistance.  Runs 
123  and  12li  sere  made  with  very  tight  gaskets*  It  can  be  seen  that  the 
gasket  resistance  has  only  a snail  effect  on  the  measured  injection  rate. 
This  conclusion  sas  also  reached  by  McKinney  during  his  studies  of 
Reactor  I.  Ron  12b  sas  made  with  the  large  driving  piston  initially 
glued  to  the  top  of  the  driving  cylinder  rather  than  resting  on  the  top 
of  the  smaller  pistons.  The  large  piston  would  then  strike  the  smaller 
ones  with  considerable  impact  once  the  pneumatic  injector  sms  fired. 

This  violent  start  had  no  effect  on  the  injection  rate.  Two  runs  10  and 
12  made  early  daring  the  research  showed  an  abnormally  slow  injection 
rate  compered  to  the  more  recent  data.  This  effect  may  have  been  due  to 
the  fact  that  a large  number  of  runs  of  explosive  reactions  had  been 
carried  out  in  the  reactor  between  these  series  of  injection  measure- 
ments o The  intersection  of  the  jets  with  the  exit  tube  and  the 
intersection  of  the  exit  tube  with  the  interior  of  the  reactor  sere 
gradually  rounded  and  enlarged  by  the  force  of  the  explosive  reactions. 
The  geometry  of  the  mixing  pattern  seemed  to  be  conditioned  by  the 
reactions  themselves  to  give  a ooze  rapid  injection  rate. 

Vo  explosive  reactions  sere  studied  during  the  series  of  runs  lib 
to  12b.  The  data  for  those  runs  are  shown  in  fig.  2b  where  the  linear 
flow  rate  of  the  water  through  the  exit  tube  is  plotted  against  the 
square  root  of  the  pressure  of  the  driving  gas.  For  the  one-to-one 
ratio  with  Reactor  II  the  linear  flow  rate  is  related  to  the  injection 
or  contact  time  according  to  Eq.  17: 


FLOW  RATE  - CM.  PER  SEC 
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(17)  u - iSi2.2° 

t 

where  a it  the  linear  flow  Telocity  in  the  exit  tube  in  cm.  per  sec., 
t is  the  contact  tine  in  kNC, 

Since  the  injection  rate  scans  to  be  determined  wholly  by  the  resistance 
to  fluid  flow  and  not  by  the  gasket  resistance,  it  ahould.be  possible  to 
calculate  the  expected  injection  rates.  Such  a calculation  is  made  in 
Appendix  I.  The  treatment  is  an  cnpirieal  calculation  based  upon  well 
established  correlations  described  in  standard  engineering 
treatises.^’35  Calculations  were  made  for  Reactor  H for  certain 
reactant  ratios  both  for  the  water  injection  and  for  the  injection  of 
anhydrous  bydraaine  and  anhydrous  nitric  acid.  To  derive  an  injection 
rate  one  must  know  only  the  properties  of  the  fluid,  the  pressure  of  the 
driving  gas,  and  the  pertinent  dimensions  of  the  reactor.  The  values 
calculated  for  the  one-to-one  ratio  for  the  water  injection  are  shown  in 
fig.  2k  as  the  dotted  line.  It  is  evident  that  the  calculations  predict 
a such  more  rapid  injection  rate  then  that  observed. 

The  calculations  show  that  the  flow  rate  should  be  roughly  propor- 

2 

tional  to  the  square  root  of  the  pressure.  Chance  obtained  Injection 
rates  that  were  precisely  proportional  to  the  square  root  of  the  pres- 
sure drop  using  identical  Mixing  systems  but  at  Much  loser  pressure 
drops.  It  seemed  likely,  in  view  of  the  curvature  of  the  observed  plot 
that  the  resistance  to  gas  flow  in  the  pneumatic  injector  might  be 
slowing  the  injection.  If  this  were  the  ease,  there  would  be  a pressure 
drop  due  to  the  nitrogen  flow  from  the  gae  storage  reservoir  of  the 
pneumatic  injector  to  the  driving  cylinder.  The  pressure  actually  driving 
the  large  piston  would  then  be  leas  than  the  value  read  from  the  Bourdon 
gage  located  at  the  gas  storage  reservoir. 


^ > A calculation  of  the  pressure  drop  due  to  gas  flow  in  the  pneuaatic 

injector  is  given  in  Appendix  U.  The  aaauaption  is  made  that  the 
driving  gas  pressure  in  the  storage  reservoir  does  not  change  during 
the  period  of  injection  because  of  the  large  sise  of  the  reservoir 
coopered  to  the  volume  displacement  of  the  driving  piston.  It  is  also 
assumed  that  the  pressure  acting  on  the  driving  piston  is  constant 
during  the  injection  period.  This  is  evidenced  by  the  observed  linear 
character  of  the  injection  process.  The  gas  expansion  process  can  then 
be  treated  approximately  as  a Joule -Thompson  expansion.  Such  expansions 
are  very  nearly  isothermal  so  long  as  the  pressure  drop  is  not  too 

•if 

great.  The  calculations  in  Appendix  II  are  made  by  the  isothermal 

37 

method,  outlined  in  a paper  by  Beale  and  Docksey.  To  calculate  the 
pressure  drop,  it  is  necessary  to  know  the  rate  of  linear  descent  of 
1 > the  driving  piston,  the  properties  of  the  gas,  and  the  pertinent  dimen- 

sions of  the  pneuaatic  injector  and  driving  cylinder. 

The  result  of  the  calculation  is  shown  in  Fig.  25.  The  pressure 
drop  is  expressed  as  the  ratio  of  the  effective  driving  gas  pressure  to 
the  pressure  actually  applied  to  the  pneumatic  injector.  The  pressure 
ratio  is  plotted  against  the  injection  rate  expressed  as  the  time 
required  for  the  piston  system  to  descend  seven-eighths  inch.  The 
effect  of  the  turbulent  friction  created  by  the  gas  flow  through  certain 
parts  of  the  valve  mechanism  of  the  injector  could  not  be  evaluated 
because  of  their  complexity.  This  effect  was  ignored  in  the  calculation 
so  that  the  results  shown  in  Fig.  25  may  be  very  conservative. 

The  results  shown  in  Fig.  2$  indicate  that  a large  pressure  drop 
did  occur  in  the  injector  for  some  of  the  rapid  injections  reported  in 
( ' Table  17.  The  calculation  is  not  valid  for  pressure  ratios  approaching 
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the  critical  value.  The  critical  pressure  ratio  for  nitrogen  gas  is 
0.528.  At  this  ratio  the  gas  flow  in  the  injector  reaches  the  velocity 
of  sound  and  numerous  uncertainties  are  added  to  the  problem. 

The  runs  plotted  in  Fig.  2k  were  corrected  for  the  calculated  pres- 
sure drop  in  the  pneumatic  injector  by  selecting  the  proper  pressure 
ratio  from,  the  graph  shown  in  Fig.  25.  The  corrected  data  were  plotted 
in  Fig.  2h  and  a solid  line  drawn  through  the  points.  The  calculated 
injection  rates  (the  dotted  line  in  the  figure)  are  still  about  l8£ 
higher  than  the  corrected  values;  however,  the  corrected  data  show  much 
better  agreement  to  the  predicted  proportionality  between  the  flow  rate 
and  the  square  root  of  the  pressure. 

It  is  of  interest  to  compare  the  observed  injection  rates  to  those 
predictable  by  the  simple  formula  given  by  Chance  and  discussed  in  an 
earlier  cuapter.  Chance *s  formula  is  given  by  Eq.  13: 


(13) 


V2  . 


aP  Ao 

TT 


where  V is  the  total  volume  flow  rate  in  cc.  per  sec., 
aP  is  the  pressure  drop  in  lb.  per  sq.  in., 

Aq  is  the  area  of  the  observation  tube  in  sq.  mm., 
is  an  empirical  constant  having  a value  0.3  to  0.8. 

The  effective  pressure  drop  across  the  mixing  plate  of  Reactor  II  is 
much  higher  than  the  actual  gas  pressure  in  the  pneumatic  injector 
because  of  the  hydraulic  advantage  of  the  piston  system.  For  the  one- 
to-one  ratio,  the  power  gain  of  the  mechanical  system  is  equal  to  the 
ratio  of  the  area  of  the  driving  cylinder  to  the  c cabined  areas  of  the 
smaller  cylinders.  This  ratio  was  calculated  from  the  measured  dimen- 
sions to  be  5.09.  The  area  of  the  exit  tube  (Chance *3  observation  tube) 


102 


in  the  mixing  plate  was  found  to  be  11.7  sq.  mm.  A mean  value  of  was 
taken  as  0.5.  Introducing  these  values,  Eq.  13  reduces  to: 

(18)  ? - MZ2 

t 

where  P is  the  effective  driving  pressure  in  lb.  per  sq.  in., 
t is  the  contact  time  in  msec. 

The  injection  rate  data  are  summarised  in  Table  18,  along  . with  the  effec- 
tive driving  pressure  calculated  by  means  of  the  fluid  dynamic  analysis 
given  in  Appendix  I and  by  means  of  the  Chance  formula. 

Bate  of  Mixing 

The  rate  of  mixing  obtainable  with  Reactor  I was  measured  by 
McKinney.-*  He  showed  that  the  entire  contents  of  the  cylinders  could 
be  injected  and  mixed  in  a period  of  less  than  10  msec,  by  measuring 
the  extent  of  a reaction  known  to  be  very  rapid. 

A similar  method  was  used  to  evaluate  the  mixing  time  for  Reactor 
II.  The  pressure  rise  for  the  reaction  between  sodium-potassium  alloy 
and  water  was  found  to  reach  a maximum  in  a time  equal  to  the  known 
injection  time.  This  was  demonstrated  by  making  a simultaneous  measure- 
ment of  the  injection  rate  and  the  pressure  rise  for  the  sodium- 
potassium  alley  vs.  water  reaction  in  Reactor  II.  The  result  is  shewn 
in  Tig.  26.  The  pressure  maximum  occurred  2.1  msec,  after  the  start  of 
the  pressure  rise  whereas  the  injection  required  2.3  msec.  The  time 
corresponding  to  the  maximum  pressure  can  be  measured  within  an  accuracy 
of  only  about  0.3  msec,  because  of  the  scatter  of  the  pressure  points 
and  because  only  one  point  is  bbtainsd  every  0.8  to  1.0  msec,  depending 
upon  the  frequency  of  the  carrier  wave.  The  start  of  the  pressure  rise 
came  about  1.5  msec,  after  the  injection  began.  This  effect  was  noted 
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In  every  run  carried  out  in  Reactor  H.  The  delay  is  thought  due  to  the 
tine  required  for  the  first  pressure  pulse  to  travel  the  distance  from 
the  exit  tube  of  the  si  ring  plate  to  the  diaphragm  of  the  strain  gage* 

A large  number  of  runs  of  the  system  sodium-potassium  alloy  vs*  eater 
were  made  In  uhich  the  time  to  the  maximum,  pressure  was  about  equal  to 
the  injection  time  expected  from  the  data  reported  in  the  previous  sec- 
tion. 

The  rate  of  the  sodium-potassium  alloy,  eater  reaction  eas  found 
to  be  too  rapid  to  measure  in  Reactor  I.  The  agreement  between  the 
time  required  to  reach  a maximum  pressure  and  the  injection  time  in 
Reactor  II  indicates  that  the  reaction  rate  is  also  too  rapid  to  measure 
in  Reactor  H.  This  agreement  also  indicates  that  the  reactants  were 
mixed  essentially  at  the  same  rate  that  they  mere  injected*  It  is 
likely  that  very  little  of  the  reaction  heat  eas  transferred  to  the 
ealle  of  the  reactor  in  the  time  required,  for  injection.  Indeed,  the 
observed  maximum  pressures  for  the  reaction  in  Reactor  II  mere  consider- 
ably higher  than  that  expected  fro®  the  stoichiometric  yield  of  hydrogen. 
If  a significant  quantity  of  the  reaction  heat  mere  transferred  to  the 
reactor  mails  during  injection,  it  mould,  have  been  possible  to  observe 
a pressure  maximum  before  the  completion  of  mixing.  The  sloe  decrease 
of  the  pressure  during  the  period  beyond  about  5 msec,  after  injection 
suggests,  however,  that  the  reaction  products  did  cool  very  slowly. 

A number  of  previous  investigations  have  been  made  of  the  mixing 
efficiency  obtainable  for  the  mixing  of  equal  volumes  of  reactant  solu- 
tions in  ”T"  type  mixers.  The  results  of  these  studies*  indicate  that 
the  mixing  of  reactants  in  Reactor  II  should  be  very  thorough. 

Shown  in  Tables  3 and  U,  Chapter  I. 
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The  results  of  these  studies  ere  not  directly  related  to  the  airing  of 
reactants  in  Reactor  I because  of  the  very  unequal  amounts  of  reactants 
contacted  in  Reactor  I.  The  mixing  plate  used  in  Reactor  II  has  two  jets 
discharging  into  an  exit  tube.  The  diameters  of  the  Sets  are  2.5  am.; 
the  diameter  of  the  exit  tube  or  mixing'  chamber  is  3.9  am.  A *T"  type 
mixer  described  by  Trowse  also  employs  tiro  jets.  The  diameter  of  the 
jets  and  the  observation  tube  (exit  tube)  was  0.7  am.  Trowse  found  that 
reactant  solutions  were  mixed  973f,  5*7  mm.  downstream  from  the  jets.  HIb 
measurements  were  made  at  a linear  flow  velocity  of  iiliO  cm.  per  sec. 
referred  to  the  exit  tube.  Millikan  studied  the  extent  of  mixing  in 
another  ”T”  type  mixer  as  a function  of  the  flow  velocity.  HI  found  that 
the  distance  downstream  to  the  point  of  97%  mixing  rapidly  moved  toward 
the  point  of  firat  contact  of  the  reactants  as  the  flow  velocities  were 
increased.  The  linear  flow  velocities  in  the  exit  tube  of  Reactor  II  fear 
all  runs  varied  between  3*000  and  11*000  cm.  per  sec.  so  that  mixing 
should  be  completed  in  a very  short  distance.  The  exit  tube  of  Reactor 
II  is  8 am.  long.  The  stream  emerging  from  the  exit  tube  travels  about 
25  am.  through  an  unconfined  area  and  then  strikes  a baffle  plate  to 
further  complete  the  mixing  of  the  reactants. 

The  time  of  residence  of  the  stream  in  the  exit  tube  of  Reactor  II 
varies  between  0.07  and  0.27  msec,  for  the  range  of  flow  velocities 
employed.  The  stream  requires  in  all  from  0.3  to  1.1  msec,  to  travel 
from  point  of  first  contact  to  the  baffle  plate*  Older  an  unfavorable 
assumption*  then,  it  would  require  only  1.1  msec,  at  the  slowest  flow 
rate  to  complete  the  mixing  in  addition  to  the  time  required  to  inject 
the  reactants.  For  the  study  of  ignition  delay*  the  injection  time  is 
of  no  interest  except  as  it  affects  the  mixing  efficiency.  It  is  only 
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the  tine  between  the  contact  and  the  completion  of  Mixing  of  a given 
fluid  element  that  is  of  importance , since  presumably  the  first  element 
of  fluid  to  be  injected  is  the  one  that  mill  first  ignite. 

Response  of  the  Transient  Pressure  Measuring  System 

During  the  early  phases  of  the  research,  a great  deal  of  difficulty 
was  encountered  due  to  the  presence  of  noise  in  the  pressure  traces.  It 
was  found  necessary  to  connect  the  strain  gages  to  the  reactors  in  such  a 
way  that  there  was  no  metal-to-metal  contact  between  them.  This  elimin- 
ated most  of  the  random  disturbances  present  in  ths  early  traces;  however, 
a periodic  vibration  of  the  amplitude  of  the  pressure  traces  remained. 

An  example  of  the  noise  present  in  some  of  the  traces  from  Reactor  II  is 
shown  in  Fig.  27  and  Fig.  28.  Fig.  27  shows  the  appearance  of  the  traces. 
The  pressure  data  for  one  of  them  Is  plotted  in  Fig.  28.  The  points 
represent  the  measured  amplitude  for  each  cycle  of  the  1200  cycle  carrier 
wave.  The  dotted  line  was  drawn  through  the  points  indicating  the 
periodic  nature  of  the  disturbance  while  the  solid  line  represents  a time 
average  value  of  ths  pressure. 

It  was  very  unlikely  that  the  source  of  the  noise  was  in  the  strain 
gage  since  the  natural  frequency  of  vibration  of  the  strain  gage  dia- 
phragm is  stated  by  the  manufacturer  to  be  above  2000  cycles  per  sec. 

The  characteristics  of  the  noise  were  unchanged  by  using  a different 
strain  gage.  It  was  thought  possible  that  seme  part  of  the  reactor  was 
set  into  vibration  during  the  injection  process  and  was  causing  the 
noise.  A number  of  runs  were  made  in  Reactor  II  in  which  the  gaskets 
used  to  seal  the  various  connections  were  drastically  altered.  In  some 
cases,  ths  parts  were  rigidly  bolted  together  without  gaskets.  The 
general  nature  of  the  noise  was  unaffected  by  these  variations.  Several 
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Fig.  27.  Transient  Pressure  Traces  of  the  AII07, 

Water  Reaction,  Runs  17  and  21,  Reactor  II, 
Time  Bases  100  msec. 
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runs  were  made  in  "which  a high  frequency  carrier  wave  was  need  to  supply 
the  bridge  of  the  strain  gage.  Again  no  change  was  observed  in  the  noise 
present  in  the  pressure  trace,  indicating  that  the  difficulty  was  not 
electrical  in  nature. 

Since  the  source  of  the  noise  could  not  be  identified  with  aqy  part 
of  the  apparatus,  it  was  tentatively  assuned  that  the  noise  was  a real 
manifestation  of  the  reaction  process.  An  attempt  was  then  made  to 
attenuate  the  vibration  in  the  coupling  between  the  reactor  and  the 
strain  gage.  To  compare  the  traces  obtained  during  this  study,  a noise 
index  was  defined.  The  noise  index  is  defined  as  the  per  cent  deviation 
of  the  worst  single  point  on  the  pressure  vs.  time  plot  from  the  time 
average  value.  The  noise  index  for  the  run  plotted  in  Tig.  28  is  30 %. 

A run  was  made  with  a cork  obstruction  in  the  piping  connecting  the 
reactor  to  the  strain  gage.  The  trace  is  shown  in  Fig.  29.  For  this 
run  the  time  required  for  the  pressure  to  reach  a maximum  was  £.9  msec., 
but  the  noise  index  was  only  8JS.  It  was  apparent  that  the  noise  had  been 
largely  removed  but  at  great  expense  to  the  time  response  of  the  pressure 
measuring  system.  The  fact  that  the  disturbances  could  be  removed  by 
placing  obstructions  in  the  connecting  arm  between  the  reactor  and  the 
strain  gage  indicated  that  the  pressure  in  the  reactor  was  actually  vary- 
ing periodically  as  the  traces  indicated. 

In  order  to  secure  interp re table  pressure  traces,  it  was  necessary 
to  seek  a comp realise  between  the  response  of  the  pressure  measuring 
system  and  the  amplitude  of  the  noise.  A series  of  runs  was  made  of 
the  sodium-potassium  alley  vs.  water  reaction  in  which  the  number  of  90° 
pipe  elbows  on  the  piping  between  the  reactor  and  the  strain  gage  was 
varied.  The  data  obtained  from  the  series  of  runs  is  summarised  in 
Table  ,19. 
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Pig.  29.  Transient  Pressure  Trace  of  Alloy,  Water 

Reaction,  Shewing  Delayed  Response,  Run  27, 
Reactor  II,  Time  Base:  100  msec. 
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Table  19*  Hasp  com  of  the  Pressure  Measuring  Stye-Urn 


Run 

Vo. 

lumber  of  90° 
pipe  elbows# 

Tims  to  maximum 
pressure,  in  msec. 

Hoiae  index, 
in  per  cent 

30 

0 

. 

ca.  100 

37 

2 

2.1 

39 

3 9 

1* 

1.6 

21* 

U3 

5 

1.8 

19 

l*o 

5 

2.2 

12 

1*1* 

5 

2.2 

9 

U7 

10 

U.o 

8 

* One-quarter  inch  steel  pipe,  actual -Inside  disaster  0.36  inch. 


There  was  no  apparent  delay  in  response,  on.  increasing  the.  number  of  pipe 
elbows  froa  0 to  bj  however,  a substantial  attenuation  of  the  noise  was 
obtained,  lhan  10  pipe  elbows  were  eaployed,  the  response  was  seriously 
delayed.  The  final  apparatus  was  arranged  so  that  there  were  fire  90° 
bends  in  tbs  piping  between  the  strain  gage  and  the  reactor  to  give  the 
beat  possible  compromise  between  the  response  and  the  noise. 

An  attempt  was  made  to  farther  decrease  the  noise  level  by  adding 
a sharp  edged  orifice  to  the  piping.  An  orifice  having  a diameter  of 
0*22  inch  increased  the  tine  required  to  record  the  pressure  rise  to 
5.5  msec.  The  traces  obtained  using  Reactor  I had  a noise  index  of  only 
a few  per  cent.  This  waa  thought  due  to  the  fact  that  the  connecting 
am  had  a one-inch  long  channel  having  a diameter  of  only  0.19  inch. 

It  would  appear  that  this  channel  would  attenuate  the  noise  quite 
thoroughly.  A somewhat  slower  response  time  would  not  affect  the  data 
obtained  with  Reactor  I because  of  the  much  slower  injection  rate. 


CHAPTER  17 
EXPERIMEMTAL  METHOD 
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Before  beginning  a discussion  of  the  various  reactions  -which  were 
studied,  a detailed  description  of  the  technique  of  operating  the  reac- 
tors and  the  electronic  apparatus  will  be  given*  In  this  section,  the 
discussion  will  be  liad ted  to  the  handling  of  chemicals  that  can  be 
exposed  to  the  air*  Certain  reactants  required  special  handling  tech- 
niques} the  discussion  of  these  will  be  deferred  until  the  reactions 
themselves  are  discussed* 

tsperiuents  with  Reactor  I 

The  experimental  procedure  that  was  used  to  secure  pressure  vs*  tins 
date  with  Reactor  I is  as  follows t The  neoprene  piston  gaskets  were  first 
polished  by  rubbing  then  with  powdered  graphite.  The  pistons  were  then 
inserted  into  the  cylinders.  The  cylinder  block  was  inverted  and 
supported  on  a wooden  support  so  that  the  reactant  solutions  could  be 
poured  into  the  cylinders*  When  the  cylinders  wars  fall,  the  injection 
plates  were  bolted  on  to  the  cylinders*  A thin  film  of  either  poly- 
ethylene or  Teflon  was  placed  between  the  cylinders  and  the  injection 
plates  so  that  the  solutions  could  not  flow  through  the  jets  prematurely* 
The  remainder  of  the  reactor  parts  were  then  assembled  and  secured* 

The  electronic  apparatus  was  turned  on  and  allowed  to  warm  up. 

Most  of  the  adjustments  were  made  by  means  of  the  switching  circuits 
shown  in  Fig.  7*  At  first,  switch  SMI  was  set  in  position  I and  SMS  in 
position  A*  In  this  position  the  vertical  plates  of  Oscilloscope  I were 
connected  to  a 60  cycle  signal  taken  fro*  the  AO  line*  The  horiiontal 
plates  were  connected  to  the  saw-tooth  oscillator  built  into  the  Du  Mont 
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instrument.  Tha  saw-tooth  oscillator  was  than  synchronised  with  the  60 
cyclo  line  using  tha  controls  on  tha  pahsl  of  the  Du  Mont  instrar  nt* 
Switch  SW1  was  than  turned  to  position  H.  m this  position  the  vertical 
plates  of  Oscilloscope  I were  connected  to  the  output  from  the  pulse 
generator*  The  pulse  generator  was  adjusted  to  the  desired  frequency, 
either  60  or  120  cycles,  and  synchronised  to  the  saw-tooth  oscillator* 
Switch  SRI  was  then  turned  to  position  IH.  In  this  position,  the 
■vertical  plates  of  Oscilloscope  I were  connected  to  the  output  from  the 
■voltage  amplifier*  The  desired  gain  range  of  the  voltage  amplifier  was 
then  chosen.  The  carrier  wave  generated  by  the  audio  oscillator  was 
adjusted  to  the  desired  frequency,  either  1080  or  1200  cycles.  The  out- 
put of  the  carrier  wave  from  the  power  amplifier  was  next  adjusted  to  20 
units  on  the  panel  meter*  The  bridge  of  the  strain  gage  was  then 
balanced  both  resistive 3y  and  capacitive ]y  so  that  the  amplitude  of  the 
signal  was  at  a minimum.  Switch  SV2  was  turned  to  position  B or  C with 
switch  SRI  remaining  in  position  HI*  In  this  position  the  horizontal 
plates  of  Oscilloscope  I were  connected  to  the  time  base  generator  also 
shown  in  Fig.  7.  The  desired  time  base  was  chosen  by  adjusting  switches 
SR3  and  SRlt.  Times  ranging  from  0.01  to  0*30  seconds  were  used.  The 
time  base  could  be  tested  by  closing  switch  SR6  momentarily.  The  trace 
was  next  positioned  on  the  screen  of  the  oscilloscope.  The  horizontal 
position  was  adjusted  by  means  of  HU  and  the  vertical  position  by  means 
of  the  vertical  control  on  the  panel  of  the  oscilloscope*  With  switches 
SRI  and  SR2  in  position  III  and  position  B or  C,  the  transient  pressure 
measuring  system  was  ready  for  operation* 

The  camera  was  next  mounted  in  front  of  the  screen  of  the  oscillo- 
scope and  the  shutter  opened*  The  driving  gas  was  then  charged  into  the 
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pneumatic  injector  from  a nitrogen  tank*  When  the  gas  pressure  read 
from  the  Bourdon  gage  mounted  an  the  pneumatic  injector  reached  the 
desired  value,  the  injection  urns  begun  by  manually  rotating  the  cocking 
block.  A few  seconds  later  the  shutter  of  the  camera  was  closed.  The 
procedure,  used  to  measure  the  final  pressure  of  the  reaction  products 
has  been  described  previously.  The  electronic  apparatus  was  then  turned 
off,  the  reactor  dismantled,  and  the  parts  cleaned  and  dried. 

The  procedure  used  to  obtain  a light  intensity  trace  using  Reactor 
1 requires  that  all  the  previous  adjustments  be  made  except  for  the 
adjustments  involving  the  voltage  amplifier  and  the  balancing  of  the 
strain  gage.  All  photoelectric  measurements  of  reactions  in  Reactor  I 
were  made  with  Photocircuit  I.  The  output  of  Photocircuit  I was  connec- 
ted directly  to  the  vertical  plates  of  the  oscilloscope . The  gain  range 
of  the  photocircuit  was  selected  and  the  "dark  signal”  adjusted  to  20 
units  on  the  small  panel  meter.  Having  completed  the  time  base  and 
pulse  generator  adjustments,  the  pneumatic  injector  could  be  fired. 

Experiments  with  Reactor  II 

Several  combinations  of  measurements  were  made  with  Reactor  U. 
Simultaneous  measurements  of  the  light  intensity  and  the  transient 
pressure  were  made.  Simultaneous  measurements  of  the  injection  rate 
and  the  transient  pressure  were  also  made.  Some  transient  pressure 
measurements  were  made  with  no  simultaneous  photoelectric  measurement. 
The  experimental  procedure  varied  only  slightly  for  these  different 
cases.  A view  of  Reactor  II  and  the  electronic  apparatus  is  shown  in 
Fig.  30.  The  reactor  is  set  up  for  a simultaneous  measurement  of  the 
light  intensity  and  the  pressure  rise. 
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The  aH-jring  plate  is  firet  bolted  to  the  desired  cylinder  block*  A 
0.03  inch  thick  Teflon  sheet  mas  used  to  gasket  this  connection  along 
■srith  a continuous  film  of  Teflon.  The  thicker  gasket  is  partly  crushed 
nhen  the  pistons  complete  their  descent.  This  formed  a tight  seal  to 
avoid  the  escape  of  the  product  gases  to  the  atmosphere.  The  thinner 
gasket  prevented  the  reactants  from  leaking  out  of  the  cylinders 
prematurely  under  the  influence  of  gravity.  The  baffle  plate  assenfcly 
mas  then  attached  to  the  mixing  plate.  The  reactants  mere  added  to  the 
top  of  the  open  cylinders  by  means  of  automatic  pipets  which  delivered 
just  the  correct  amount  of  material.  The  pistons  mere  then  prepared  by 
rubbing  either  inert  grease  or  pondered  graphite  into  the  neoprene 
gaskets.  The  pistons  mere  next  inserted  into  the  cylinders.  The  air 
above  the  reactants  escaped  through  the  fine  holes  in  the  pistons.  The 
pistons  mere  lcnrered  to  the  desired  height.  In  some  runs  the  amount  of 
reactants  mas  varied.  For  these  rune,  the  pistons  mere  lowered  and  the 
distance  measured  accurately  with  a machinist *s  scale;  the  excess 
reactants  mere  removed  gradually  as  they  streamed  out  of  the  fine  holes 
at  the  top  of  the  pistons.  For  most  of  the  runs,  the  pistons  mere 
lorn* red  by  means  of  a brass  jig  to  a height  that  mould  lead  to  a stroke 
length  of  exactly  seven-eighths  inch.  The  amount  of  reactants  originally 
added  by  the  pipets  mould  then  just  fill  the  cylinders.  A tiny  Teflon 
gasket  mas  then  inserted  into  the  top  of  the  small  hole.  The  small 
piston  caps  mere  ecremed  into  these  holes.  For  a run  in  mhich  the  injec- 
tion rate  mas  to  be  measured,  the  serrated  rod  assembly  mas  next  placed 
into  position.  The  remaining  parts  of  the  reactor  mere  then  assembled 
and  secured. 

For  runs  in  mhich  the  light  intensity  mas  to  be  measured  the 


phototube  container  was  attached  to  the  window  assembly  at  the  end  of 
one  of  the  observation  aiu.  The  container  could  be  fitted  directly 
on  the  reactor  frame  and  supported  by  the  reactor  when  it  was  intended 
to  use  Photocircuit  II.  The  container  was  supported  separately  by  a 
ring  stand  and  connected  to  the  window  assembly  by  a thin  coil  of  sheet 
rubber  or  paper,  however,  when  it  was  intended  to  use  Photocircuit  III 
because  of  the  much  higher  sensitivity  of  Photocircuit  III  to  mechanical 
vibrations.  For  runs  in  which  the  injection  rate  was  to  be  measured, 
the  phototube  container  was  mounted  as  shown  in  Fig.  U>, 

The  electronic  adjustments  that  had  to  be  made  for  simultaneous 
pressure  and  photoelectric  measurements  were  as  follows:  The  transient 
pressure  measuring  system  was  first  adjusted  by  the  method  already 
described  in  connection  with  Beactor  I.  The  output  of  any  of  the  three 
photocircuits  was  connected  to  the  vertical  plates  of  Oscilloscope  II. 
The  output  signal  from  the  chosen  photocircuit  could  be  viewed  on 
Oscilloscope  U by  turning  switch  SW7,  shown  in  Fig.  7,  to  position  E 
When  switches  SSI  and  S7T2  war®  in  positions  in  and  A,  respectively. 

This  connected  the  saw-tooth  oscillator  contained  within  Oscilloscope 
I to  the  horisontal  plates  of  Oscilloscope  II.  The  desired  gain  range 
of  the  photocircuit  was  then  selected  by  adjusting  the  control  on  the 
panel  of  the  photocircuit.  Switch  SW7  must  then  be  turned  to  position 
D.  With  switches  SW1  and  SK2  in  positions  III  and  B or  C,  the  time  base 
was  tested  on  Oscilloscope  n by  momentarily  closing  switch  SW6.  The 
photoelectric  trace  was  next  positioned  on  the  screen  of  Oscilloscope 
II.  The  horisontal  position  was  adjusted  by  means  of  R33  and  the 
vertical  position  by  means  of  the  vertical  control  located  on  the  panel 
of  Oscilloscope  H«  The  entire  apparatus  was  now  ready  for  operation. 
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Both  cameras  were  then  mounted  in  front  of  the  oscilloscopes  and 
the  shatters  opened.  The  driving  gas  was  then  charged  into  the  pneumatic 
injector.  The  injector  was  begun  by  manually  rotating  the.  cocking  block. 
After  the  reaction,  the  camera  shutters  mere  closed,  the  electronic 
apparatus  turned  off,  and  the  reactor  dismantled. 


CHAPTER  7 

STUDIES  OF  VARIOUS  REACTIONS 

Studies  were  made  of  the  reaction,  of  sodium-potassium  alloy  with 
water  and  ethanol* ; These  studies  were  designed  to  supplement  the 
results  obtained  by  McKinney*  Studies  were  also  made  of  several  fuel- 
oxidant  systems.  The  fuel- oxidant  systems  included: 

A.  Nitric  acid  vs.  hydras ine 

B*  Nitric  acid  rs.  aniline 

C.  Hydrogen  peroxide  rs.  hydrasine 

D.  Nitric  acid  rs.  liquid  ammonia*  hydrasine  mixtures* 

Reaction  of  Sodium-potassium  Alloy  with  Water  in  Reactor  I 

Alloys  of  sodium  and  potassium  are  liquids  at  room  temperature 
over  a moderate  range  of  composition*  The  alloy  used  for  this  study 
was  obtained  from  the  Mine  Safety  Appliances  Co.  The  alloy  was  analysed 
by  the  method  outlined  in  Appendix  IH  and  found  to  contain  83.# 
potassium  by  weight*  The  alloy  reacts  rapidly  with  both  water  and 
oxygen  so  that  special  techniques  had  to  be  used  in  order  to  load  the 
reactor*  A modification  of  the  procedure  used  by  McKinney  to  load 
aluminum  borohydride  into  Reactor  I was  used  in  the  present  study*  to 
load  the  alloy  into  the  small  cylinder  of  Reactor  I* 

In  this  procedure,  a hypodermic  needle  was  attached  to  the  jet  of 
the  small  injection  plate  after  the  plate  was  attached  to  the  cylinder. 
By  means  of  a hole  in  the  reactor  above  the  small  cylinder,  it  was 
possible  to  connect  a long  thin  rod  to  the  small  piston  so  that  it 
could  be  moved  up  and  down  within  the  cylinder.  In  this  way  the  small 
piston  served  as  the  plunger  of  a syringe.  McKinney  distilled  the 
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^ borohydrlde  into  a snail  rial  that  was  closed  by  a thin  rubber  cap  of 

the  type  used  for  insulin  containers.  The  needle  then  was  pushed  through 
the  rubber  cap.  The  cylinder  could  then  be  filled  without  bringing  the 
borohydrlde  into  contact  with  the  atmosphere.  The  rubber  cap  nethod  was 
not  used,  however,  for  the  alloy.  The  alloy  was  first  freed  from  solid 
oate rial  by  distilling  about  10  cc.  into  a small  glass  rial.  The  entire 
sample  was  distilled  to  avoid  fractionation.  The  distillation  was 
carried  out  in  an  all  glaas  high  vacuum  apparatus  using  a smoky  torch 
flame.  The  alloy  in  the  vial  was  then  covered  by  distilling  a few  cc. 
of  dibutyl  ether  into  the  vial.  The  dibutyl  ether  was  first  purified  by 
drying  over  sane  of  the  alloy  and  by  bulb  to  bulb  distillation.  The 
vial  was  then  removed  from  the  vacuum  apparatus  and  opened  to  the  atmos- 
phere. To  load  the  reactor,  the  hypodermic  needle  was  immersed  through 
( the  ether  layer  and  into  the  alloy  before  the  plunger  was  raised  to  fill 

the  cylinder.  The  vial  was  weighed  both  before  and  after  loading  the 
reactor.  The  weight  loss  then  gave  an  accurate  indication  of  whether 
the  cylinder  was  filled  or  not.  The  hypodermic  needle  was  then  removed 
and  the  large  cylinder  filled  in  the  usual  manner. 

The  reaction  of  the  alloy  with  excess  water  can  be  represented  by 
Eq.  19. 

(19)  M + HgO  ► MOB  + 0.5  Hg 

A typical  pressure  vs.  time  trace  is  shown  at  the  top  of  Pig.  31*  The 
data  from  the  trace  are  plotted  as  curve  B of  Pig.  32.  Curve  A is  a 
plot  of  a run  made  by  McKinney  of  the  same  reaction.  The  theoretical 
pressure  expected  from  the  hydrogen  generated  according  to  Eq.  19  Is 

( 

1 _ shown  at  the  lower  right  of  the  figure.  The  pressure  vs.  time  curves 


Fig.  31*  Transient  Pressure  Traces  of  Alloy,  Water 
Reaction,  Run  j>9  and  Run  60,  Reactor  I, 
Time  Basel  230  msec. 
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show  tiro  maxima,  which  were  not  entirely  reproducible.  In  the  run  due 
to  McKinney,  curve  A,  the  second  pressure  maximum  occurred  1*0  msec, 
after  »-**•<*£  began,  while  in  the  run  represented  by  curve  B,  the  first 
pressure  maximum  was  much  lower  and  the  second  displaced  ouch  farther 
in  time,  occurring  seme  86  msec,  after  mixing  began. 

The  data  for  the  sodium-potassium  alley,  water  reaction  are 
summarised  in  Table  20.  Some  of  the  data  obtained  by  McKinney  are 
included  in  the  table.  The  second  column  of  the  table  is  the  pree> 
sure  of  the  first  maximum  minus  the  pressure  corresponding  to  the 
minimum.  This  overswing  is  due  to  the  heat  of  the  reaction.  The  third 
column  of  the  table  gives  the  pressure  corresponding  to  the  minimum. 

This  pressure  is  to  be  compared  to  0.62  atm.,  the  calculated  pressure 
of  hydrogen  generated  according  to  Eq.  19.  The  fourth  column  of  the 
table  gives  the  pressure  corresponding  to  the  second  maximum.  The 
second  maximum  will  be  shown  to  be  due  to  an  explosion  occurring  between 
the  hydrogen  liberated  by  the  reaction  and  the  air  present  initially  in 
the  reactor.  The  time  between  the  second  maximum  and  the  beginning  of 
injection  is  given  in  the  fifth  column  of  the  table.  The  sixth  column 
gives  the  final  pressure  of  the  reaction  products  measured  on  the  0 to 
160  lb.  per  sq.  in.  Bourdon  gage. 

The  first  group  of  data  in  the  table  were  obtained  with  laboratory 
air  present  in  the  reactor.  The  measured  final  pressures  are  well 
below  the  calculated  hydrogen  pressure  of  0.62  atm.  which  is  in  agreement 
with  the  hypothesis  that  there  was  a hydrogen,  oxygen  explosion  occur- 
ring. The  window  was  built  into  Reactor  I to  further  verify  the 
existence  of  an  explosion.  In  run  33,  a very  bright  yellow  flash  was 
noted  visually  through  the  window.  A run  was  made  using  Photocircuit  I. 


Table  20.  Reaction  of  Sodina-potassitnn  Alloy  with  Excess  Water,  Reactor  I 
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The  photoelectric  trace  Is  shown  in  Fig.  33.  The  light  emission  began 
about  17  msec,  after  mixing  began. 

The  poor  reproducibility  of  the  height  of  the  first  maximum  and 
the  ignition  delay  of  the  explosion  is  probably  due  to  the  uneven  descent 
of  the  two  pistons  in  Reactor  I.  It  is  likely  that  the  large  piston 
started  to  move  first.  This  would  force  water  into  the  small  cylinder 
containing  the  alloy.  This  early  reaction  heated  up  the  unreacted  alloy 
so  that  the  reaction  eventually  took  place  at  a higher  temperature.  The 
effective  reactant  ratio  for  the  reaction  occurring  in  the  small  cylinder 
was  closer  to  unity  than  if  proper  mixing  were  obtained*  This  could 
produce  excessive  heating  of  a small  amount  of  material  and  give  rise  to 
the  large  first  maximum.  The  shortened  ignition  delay  was  also  probably 
due  to  the  high  temperature  created  by  the  uneven  starting  of  the  pistons . 
The  rune  plotted  in  Fig.  32  show  the  extreme  oases.  Run  59»  curve  B,  had 
a very  small  overawing  and  a long  Ignition  delay  while  run  1 U5,  curve  B, 
had  a large  overawing  and  a short  ignition  delay. 

The  effects  of  the  delay  in  starting  of  the  small  piston  on  the 
alley , water  reaction  would  be  more  serious  if  the  small  cylinder  were 
not  full.  The  method  used  by  McKinney  to  load  the  alloy  into  the  reac- 
tor gave  no  indication  of  how  much  alloy  actually  entered  the  cylinder. 
The  method  used  in  the  present  study  made  it  possible  to  judge  how  full 
the  cylinder  was.  For  the  runs  reported  in  Table  20,  the  weight  loss 
of  the  sample  vial  varied  between  0.83  and  0.90  gm.  except  for  run  36 
in  which  the  weight  loss  was  only  0.62  gm.  Reference  to  the  table  will 
show  that  run  36  showed  a relatively  high  overawing  and  a shortened 
ignition  delay. 

Several  runs  were  made  to  test  the  effect  of  additives  and  changes 


Fig.  33.  light  Intensity  Trace  of  Alloy,  Water 

Reaction,  Reactor  I,  Time  Base:  6f>  msec. 
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of  atmosphere . The  reactor  atmosphere  was  flushed  with  nitrogen  in 
several  runs*  This  was  accomplished  by  filling  a shallow  glass  tray  in 
the  interior  of  the  reactor  with  liquid  nitrogen  before  the  reactor  was 
completely  assembled*  The  liquid  nitrogen  evaporated  gradually  after 
the  reactor  had  been  assembled*  The  gas  was  allowed  to  escape  through  a 
valve  located  cn  the  piping  leading  to  the  strain  gage.  Several  hours 
were  then  allowed  for  the  reactor  to  reach  room  temperature  before  the 
injection  was  begun*  It  is  not  certain  how  much  of  the  cxygen  of  the 
original  reactor  atmosphere  was  removed  by  this  procedure.  It  was  esti- 
mated that  the  oxygen  content  was  reduced  to  a value  between  5 and  10£. 
The  data  are  shown  in  Table  20.  This  procedure  was  carried  out  in  the 
case  of  run  $ 2 • The  ignition  delay  was  reduced  to  37  msec,  even  though 
there  was  a low  first  maximum.  When  the  water  was  replaced  by  a soluticn 
0.036  M in  acetaldehyde,  the  delay  was  found  to  be  1*0  msec*  The  acet- 
aldehyde was  added  to  remove  the  dissolved  cuqrgen  from  the  water*  When 
the  reactor  was  flushed  and  the  acetaldehyde  solution  used,  there  was 
no  ignition*  The  trace,  run  60,  is  shown  at  the  bottom  of  Fig*  31*  It 
is  apparent  from  the  trace  that  there  is  no  second  maximum.  In  this 
case,  the  final  pressure  was  closer  to  the  expected  yield  of  hydrogen. 

Two  rune  were  made  of  the  reaction  of  the  alloy  with  an  excess  of 
10  U KOH  solution.  With  air  present  in  the  reactor,  the  ignition  delay 
was  Idi  msec.  When  the  oaygen  content  of  the  air  was  reduced  to  £ or  10 %, 
the  ignition  delay  was  reduced  to  only  22  msec. 

Reaction  of  Sodium-potassium  Alloy  with  Water  in  Reactor  II 

A different  procedure  was  used  to  load  the  alley  into  one  of  the 
cylinders  of  Reactor  II.  The  alloy  was  purified  in  a few  cases  by 
distillation.  In  most  cases,  the  alloy  was  freed  of  oxide  and  other 
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solids  by  filtering  it  through  a fine  glass  capillary-  in  a high  vacuum 

apparatus.  About  5 cc.  of  alley  sere  transferred  from  the  steel  con- 
tainer in  shich  it  sas  delivered  fren  the  manufacturer  to  the  glass 
vacuum  apparatus  by  means  of  a 5 cc.  hypodermic  syringe  having  a four 
inch  needle.  The  opening  in  the  vacuum  apparatus  sas  then  sealed  off* 
The  system  sas  evacuated  and  the  alloy  heated  slightly  to  increase  its 
fluidity.  Nitrogen  pressure  sas  then  applied  to  the  alloy  forcing  it  to 
flow  through  a fine  glass  capillary  about  ten  inches  long.  The  alloy 
discharged  into  a vial  shich  could  be  sealed  off  under  vacuum.  The 
alley  showed  no  trace  of  either  shite  oxide  particles  or  dark  solid 
impurities  after  this  treatment. 

The  reactor  sas  loaded  by  transferring  the  alloy  from  the  vial  to 
the  cylinder  sith  a medicine  dropper  in  a dry-box.  The  dry-box  atmos- 
phere had  to  be  free  of  both  water  vapor  and  oxygen.  The  dry-box  sas 
made  from  a large  desiccator.  The  top  of  the  desiccator  sas  replaced 
by  a one-eighth  inch  thick  brass  plate.  The  plate  had  three  large  holes 
in  it.  Two  of  these  openings  could  be  connected  to  rubber  work:  gloves 
and  the  third  was  covered  sith  a Plexiglass  sheet.  The  brass  plate  sas 
sealed  tightly  to  the  desiccator  by  three  one  inch  side  rubber  bands, 
tightly  stretched  over  the  connection.  The  reactor  sas  partially 
assembled  and  inserted  into  the  desiccator  along  sith  the  closed  alloy 
vial  and  accessory  tools.  The  desiccator  sas  sealed  and  the  atmosphere 
flushed  overnight  sith  Uatheson  Co.  "pre purified"  nitrogen  that  first 
passed  through  a heated  copper  trap  and  a phosphorus  pent  oxide  drying 
train.  After  about  ten  volumes  of  nitrogen  had  passed  through  the 
dry-box,  the  alloy  could  be  handled  sith  no  trace  of  atmospheric 
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oxidation.  Tba  cylinder  was  then  filled  in  the  dry-box  by  the  procedure 
described  in  an  earlier  section. 

The  alloy,  eater  reaction  was  studied  in  Reactor  IX  at  a volume 
ratio  of  one  to  one.  This  corresponds  to  a 2.3  to  1 stoichiometric 
excess  of  eater.  Although  the  reactant  ratio  was  fixed,  idle  absolute. . 
amount  of  the  two  reactants  could  be  Yarled  from  about  1.2  cc.  to  0.0 
cc.  The.  reaction  has  been  mentioned  in  connection  with  the  rate  of  mill- 
ing studies  and  the  study  of  the  response  of  the  transient  pressure 
measuring  system.  Examples  of  the  type  of  traces  obtained  are  shown  in 
Fig.  27  and  Fig.  29*  A pressure  yb.  tine  plot  is  shown  in  Fig.  28. 

Several  simultaneous  measurements  of  the  light  emission  and  the 
pressure  rise  were  made.  A typical  pair  of  traces  are  shown  in  Fig.  34. 
The  light  emission  began  at  the  same  instant  that,  injection  began,  i.«., 
the  ignition  daisy  was  zero.  The  photoelectric  trace  shown  in  the  figure 
(Photocircuit  I)  indicated  that  the  light  emission  preceded  the  pressure 
rise  by  about  one  msec.  This  is  again,  believed  to  be  the  time  required 
for  the  first  pressure  pulse  to  travel  the  distance  from  the  adTing 
chamber  to  the  diaphragm  of  the  strain  gage.  Tie  operation  of  the  photo- 
circuit  is  essentially  instantaneous.  The  light  emitted  by  the  reaction 
overloaded  Photocircuit  I so  that  no  plot  of  the  time  distribution  of 
the  intensity  could  be  mads.  The  emission  persisted,  however,  for  about 
20  msec. 

The  data  obtained  for  the  alloy,  water  reaction  are  given  in  Table 
21.  The  second  column  of  the  table  gives  the  calculated  final  pressure. 

A differing  amount  of  reactants  was  used  for  the  runs.  The  final  pres- 
sures were  calculated  from  Eq.  19  for  the  measured  quantity  of  alloy 
introduced  into  the  reactant  cylinder,  the  volume  of  the  reactor  for  the 
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NL(a)-34 


Fig,  3h.  Simultaneous  Pressure  and  Light  Intensity 
Traces  of  Alloy,  Water  Reaction,  Run  21*, 
Reactor  II,  Time  Base:  100  msec. 


Table  21.  Reaction  of  Sodium- potassium  Alloy  Kith  a 2.3  to  1 
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particular  run,  and  room  temperature,  The  third  column  give  a the  pres- 
sure at  the  maximum.  The  fourth  column  gives  the  measured  final 
pressure.  Sons  of  the  measurements  were  made  with  the  Bourdon  gage; 
others  were  made  by  the  mercury  manometer  method.  The  final  column 
shows  the  calculated  minus  the  observed  value  for  the  final  pressure. 

The  first  group  of  data  were  obtained  with  laboratory  air  present  in 
the  reactor  initially.  The  table  is  arranged  in  the  order  of  the 
amount  of  reactants  employed.  The  maximum  pressures  generally  decreased 
as  the  amount  of  reactants  ware  decreased  with  the  exception  of  run  ii3 
where  it  appears  that  the  explosion  was  inhibited  in  some  way.  The 
difference  in  the  calculated  and  observed  final  pressure  values  indi- 
cated that  the  explosion  consumed  30  to  5>0 % of  the  hydrogen  yield 
(excluding  run  U3)  . 

Several  runs  were  made  in  which  the  reactor  atmosphere  was  flushed 
with  nitrogen.  In  two  runs,  21  and  19,  the  reactor  was  flushed  with 
tank  nitrogen  that  was  stated  by  the  supplier  to  contain  about  l£ 
oxygen.  Two  valves  were  connected  to  Reactor  H so  that  the  atmosphere 
could  be  flushed  very  thoroughly.  In  two  runs,  18  and  17,  the  reactor 
was  flushed  with  Matheson  "prepurified " nitrogen  which  had  been  first 
passed  through  a heated  copper  trap  and  through  a phosphorus  pent oxide 
drying  train.  The  water  used  for  these  two  runs  was  boiled  and  loaded 
into  the  reactor  while  hot.  The  water  had  several  hours  to  reach  room 
temperature  while  the  reactor  was  being  flushed.  These  runs  showed  a 
maximum  pressure  lower  than  those  obtained  with  air  present.  The  agree- 
ment between  the  calculated  and  observed  final  pressures  was  also  much 
better.  The  constant  discrepancy,  ca.  0.21  atm.,  in  the  calculated 
minus  observed  value  in  the  oxygen  free  runs  is  probably  due  to 
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unreacted  alloy  remaining  in  the  lead  tube  and  jet  of  the  mixing  plate. 

Reaction  of  Sodium-potassium  Alloy  with  Ethanol  in  Reactor  II 

The  procedure  for  loading  the  alloy  into  Reactor  II  hae  already 
been  described.  Qold  Shield  Absolute  Alcohol  was  used  without  further 
purification.  The  alloy  was  loaded  in  the  dry-box,  while  the  alcohol 
was  loaded  quickly  in  the  air.  The  reaction  was  studied  at  a volume 
ratio  of  one  to  one.  This  corresponds  to  a 1.1*2  to  1 stoichiometric 
excess  of  the  alloy  over  the  alcohol.  The  reaction  can  be  represented 
by  Eq.  20. 

(20)  M + CgH^OH  > CgH^OM  + 0.5  Hg 

Three  runs  were  made  of  the  reaction  carried  out  in  the  presence  of 
laboratory  air  and  three  were  made  after  the  reactor  had  been  thoroughly 
flushed  with  the  highly  purified  nitrogen  described  previously. 

A typical  pressure  vs.  time  plot  for  the  reaction  carried  out  in 
the  presence  of  air  is  shown  in  Fig.  35*  A powerful  light  flash  was 
observed  visually  for  these  runs  and  hence  the  second  maximum  probably 
involved  the  hydrogen,  oxygen  explosion.  The  calculated  and  observed 
final  pressures  are  shewn  at  the  lower  right  of  the  figure.  Carbon 
deposits  were  found  in  the  reactor  after  the  runs  suggesting  the 
participation  of  alcohol  in  the  explosion.  Un reacted  alloy  was  also 
found  after  each  run.  The  data  are  summarized  in  Table  22.  The 
reaction  shows  two  pressure  maxima.  The  pressure  corresponding  to 
the  first  maximum  was  of  the  correct  order  of  magnitude  to  attribute 
to  the  hydrogen  liberated  by  the  reaction  as  expressed  in  Eq,  20 „ 
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Table  22.  Reaction  of  Ethanol  with  a 1.1*2  to  1 
Molar  Excess  of  Sodium-potassium  Alloy 
in  the  Presence  of  Air,  Reactor  II 


Run 

Calculated 
final  pressure, 
in  atm. 

Viyxjwmffl 

pressure, 
in  atm.. 

Observed 
final  pressure, 
in  atm. 

Ignition 
delay, 
in  msec. 

55 

0.23 

2.5U 

0.1U 

1.8 

56 

0.£0 

3.72 

0.38 

U.5 

57 

o.Uo 

3.90 

0.33 

5.5 

Because  of  the  loir  value  of  this  pressure  and  the  noise  associated  with 
the  traces  from  Reactor  II,  it  was  not  possible  to  evaluate  accurately 
the  pressure  variations  occurring  during  the  first  few  msec,  of  the 
reaction.  The  beginning  of  the  second  maximum  was  clearly  delayed  as 
indicated  in  the  fifth  column  of  Table  22.  The  observed  final  pressures 
were  somewhat  below  the  values  calculated  from  the  expected  yield  of 
hydrogen.  The  exact  significance  of  the  final  pressure  is  most  uncertain 
because  of  the  fact  that  carbon  deposits  were  found. 

A typical  pressure  vs.  tine  plot  for  the  reaction  carried  out  in 
inert  atmosphere  is  shown  in  Fig.  36.  The  curve  at  the  left  was  obtained 
from  an  oscilloscope  trace  in  the  usual  way;  the  curve  at  the  right  was 
taken  from  readings  made  on  the  mercury  manometer  for  a period  of  over 
an  hour.  The  calculated  final  pressure  is  shown  at  the  right  of  the 
figure.  There  is  only  one  maximum.  The  pressure  variations  occurring 
during  the  first  30  msec,  of  the  reaction  could  not  be  ei  .uated  very 
accurately  because  of  the  effect  of  noise  on  the  very  low  pressure 
values  involved.  The  data  are  shown  in  Table  23*  The  reaction  responsi- 
ble for  the  slowly  rising  pressure  occurring  beyond  a minute  after  the 
initiation  of  the  reaction  is  not  known. 
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Table  23*  Reaction  of  Ethanol  with  a 1.1*2  to  1 
Molar  Excess  of  Sodium-potassium  Alley 
in  the  Absence  of  Air,  Reactor  II 


Run 

Calculated 
final  pressure, 
in  atm. 

Pressure 
at  100  msec., 
in  atm. 

Pressure 
at  1 min., 
in  atm. 

Pressure 
at  1 hour, 
in  atm. 

58 

0.1*09 

0.16 

0.13 

- * 

5 9 

0.355 

im 

0.12 

- * 

60 

o.l*l*5 

0.22 

O.ll* 

0.23 

* A slowly  rising  pressure  was  noted  but  not  followed. 


Pressure  Measurements  of  the  Hydrazine,  Hi trie  Acid  Reaction 

The  nitric  acid  used  in  the  study  was  prepared  by  the  vacuum  dis- 
tillation of  a mixture  of  nitric  and  sulfuric  acids.  Approximately  100 
cc.  of  Merck  Reagent  Grade  Fuming  Nitric  Acid,  about  95%  HSOy  and  100 
cc.  of  General  Chemical  Co.  Reagent  Grade  Sulfuric  Acid,  about  95% 

H2S0U,  were  mixed  and  placed  in  a 2f?0  cc.  flask  contained  an  an  all 
glass  high  vacuum  apparatus.  The  mixture  was  cooled  to  0°C  by  means 
of  an  ice  bath  before  the  apparatus  was.  evacuated.  The  anhydrous  nitric 
acid  was  collected  in  a large  trap  cooled  by  a dry  ice,  trichloroethylene 
bath.  It  required  about  30  hours  in  a vacuum  of  10**^  mm.  Eg  to  collect 
50  cc.  of  the  anhydrous  material.  The  material  was  then  distilled  in 
vacuum  into  a large  vial  and  removed  from  the  vacuum  apparatus.  The 
acid  was  poured  quickly  into  a 250  cc.  Erlenmeyer  flask  having  a ground 
glass  stopper  lubricated  with  fluorocarbon  grease*  The  material  was 
stored  between  runs  by  placing  the  flask  in  a dry  ice  bath.  The  add 
used  for  most  of  the  runs  was  completely  colorless.  In  a few  runs  the 
acid  had  a slight  yellow  color  corresponding  to  decomposition  into 
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nitrogen  dioxide,  water  and  oxygen.  The  acid  was  analyzed  by  the  method 
outlined  in  Appendix  III.  The  various  hatches  of  acid,  both  freshly 
prepared  and  after  long  periods  of  storage,  consistently  analyzed  between 
100.2  and  100.8$  HNO^.  The  nitrogen  dioxide  content  of  a badly  colored 
batoh  was  found  to  be  only  0.1$  by  the  method  described  in  Appendix  XU. 

The  hydrazine  was  prepared  from  Uatheson  Co.  Anliydrous  hydrazine, 
about  95$  by  refluxing  and  vacuum  fractionation  from  calcium  or 

barium  oxide.  An  equal  quantity  of  the  hydrazine  and  the  oxide  were 
added  to  the  pot  of  an  all  glass  vacuum  distilling  apparatus.  The 
material  was  refluxed  in  a nitrogen  atmosphere  for  several  hours  at  a 
pressure  of  about  50  mm.  Hg.  The  hydrazine  was  then  fractionated,  the 
first  half  being  collected.  The  product  of  several  such  preparations 
were  analyzed  by  the  method  outlined  in  Appendix  III  and  found  to  be 
between  97.7$  and  99.0$ 

Both  materials  were  loaded  into  Reactor  II  using  the  automatic 
pipet  method  described  in  a previous  chapter.  The  amount  of  reactants 
used  for  a run  were  such  that  a stroke  length  of  the  piston  system  of 
seven-eighths  inch  was  obtained.  The  resulting  reactant  volumes  are 
given  in  Table  2k  for  the  various  reactant  ratios  that  were  studied. 

The  corresponding  weight  and  mole  ratios  are  also  given  in  the  table. 

The  pressure  generated  by  the  reaction  was  found  to  be  much  higher 
than  that  obtained  in  the  reactions  of  sodium-potassium  alloy.  Because 
of  this,  some  difficulty  was  experienced  in  preventing  leakage  of  the 
product  gases  through  the  piston  gaskets.  Difficulty  also  resulted  from 
the  fact  that  the  solutions  tended  to  back  up  through  the  gaskets  during 
injection.  This  resulted  in  poor  reproducibility  of  the  pressure  traces. 
At  first,  both  gaskets  on  the  pistons  were  made  of  neoprene  and 
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Table  2k»  Amounts  of  Ifcrdrazine  and  Nitric  Acid 
Rnployed  in  a Run  in  Reactor  II 


Nominal 

reactant 

ratio 

Volume 

hno3, 

in  cc. 

Volume 

»2»U 

in  cc. 

Weight  ratio:* 
nitric  acid  to 
hydrazine 

Mole  ratio: 
nitric  acid 
to  hydrazine 

U : 1 

2.3k 

0.7U 

5.65 

2.87 

2 : 1 

1.59 

0.7U 

3.17 

1.61 

1.5  ! 1 

1.11 

0.7k 

2.20 

1.12 

1 : 1 

1.11 

1.11 

1.U8 

0.75 

1 : 1.5 

0.7U 

1.11 

1.00 

0.51 

1 : 2 

0.7U 

1.59 

0.69 

0.352 

impregnated  with  an  inert  grease.  Both  hydrazine  and  nitric  acid 
attacked  the  loser  gasket  resulting  in  severe  leakage.  A loser  gasket 
made  of  Teflon  sas  then  tried.  Teflon,  however,  has  no  elasticity  and 
would  not  assume  the  shape  of  the  cylinder  so  that  although  no  corrosion 
sas  apparent,  the  single  neoprene  gasket  did  not  contain  the  pressure 
adequately.  The  loser  Teflon  gasket  sas  replaced  by  one  made  of 
aluminum.  The  aluminum  did  not  score  the  stainless  steel  cylinder  sail 
nor  did  it  lose  its  shape  readily.  Again,  however,  the  single  neoprene 
gasket  sms  insufficient  to  contain  the  pressure.  The  leakage  problem 
was  finally  solved  when  another  neoprene  gasket  sae  added  to  the  pistons. 
The  final  arrangement  consisted  of  one  aluminum  gasket  located  near  the 
leading  edge  of  the  pistons  and  two  neoprene  gaskets  about  one-eighth 
inch  apart  located  near  the  trailing  edge  of  the  piston.  The  space 
between  the  neoprene  gaskets  sas  filled  with  the  inert  grease.  The 
pistons  are  shown  in  Fig.  5.  Samples  of  aluminum,  fluorocarbon  grease, 
and  stainless  steel  of  the  type  used  in  the  apparatus  sere  stored  under 
a sample  of  anhydrous  nitric  acid  for  several  days.  No  corrosion  or 
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reaction  was  apparent  on  visual  inspection. 

A number  of  runs  sere  made  during  the  development  of  the  final 
apparatus.  The  result  of  these  runs  will  not  be  reported,  however, 
since  sufficient  runs  were  made  of  the  reaotion  with  the  apparatus  in 
its  final  form. 

The  reaction  of  nitric  acid  and  hydrazine  can  be  represented  by 
Eq.  21  for  the  stoichiometric  mixture  if  it  is  assumed  that  complete 
thermodynamic  equilibrium  is  reached  at  the  temperature  of  the  flame. 

(21)  h HN03  + * NgHj^ > 7 N2  + 12  H20 

The  mole  ratio  coirrasponding  to  the  stoichiometric  mixture  is  then 
0.80  moles  nitric  acid  per  mole  hydrasine . This  ratio  falls  in  be- 
tween the  one  to  one  volume  ratio  and  the  one  and  one-half  to  one 
ratio  obtainable  with  Reactor  II. 

A typical  pressure  trace  is  shown  in  Fig.  37.  The  run  was  made 
with  the  one  and  one-half  to  one  reactant  ratio  with  nitric  acid  in 
excess.  The  pressure  vs.  time  plot  for  the  run  is  shown  in  Fig.  38. 

The  pressure  vs.  time  curves  for  all  of  the  six  reactant  ratios  showed 
a single  pressure  maximum.  The  time  of  the  rise  of  the  pressure  to 
the  maximum  corresponded  roughly  to  the  time  of  completion  of  injection. 
The  results  of  the  pressure  measurements  for  the  reaction  of  one  and 
one-half  volumes  of  nitric  acid  with  one  volume  of  hydrazine  are  shown 
in  Table  2$,  The  average  value  of  the  several  determinations  is  also 
shown  in  Table  2$,  The  average  values  for  all  of  the  reactant  ratios 
are  given  in  Table  26 e 
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Fig.  37.  Transient  Pressure  Trace  of  the  Reaction  of 
One  and  One-half  Volumes  of  Nitric  Acid  with 
One  Volume  of  Rydrazine,  Run  1U6,  Reactor  II, 
Time  Base:  100  msec. 
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Table  2 5.  Results  of  Pressure  Measurements  for  the 
Reaction  of  One  and  One-half  Volume  of 
Nitric  Acid  with  One  Volume  of  Rydrazine 


Run 

Maximum 
pressure 
rise,  in 
atm. 

Time  from  the  start 
of  the  pressure 
rise  to  the 
maximum,  in  msec. 

Pressure,  20  msec, 
after  the  start  of 
the  pressure  rise, 
in  atm. 

Final 
pressure, 
in  atm. 

llil 

32.8 

li.30 

20.7 

m 

lli2 

31.0 

U.oo 

19.0 

i.8l» 

lii6 

32.0 

li.00 

19.6 

1.79 

lii7 

30.9 

3.90 

19.0 

1.79 

Ave. 

31.7 

U.Q5 

19.6 

1.80 

light  Emission  Measurements  of  the  Rydrazine . Nitric  Acid  Reaction 

A number  of  simultaneous  measurements  of  the  transient  pressure 
and  the  light  emission  were  made  for  each  of  the  six  reactant  ratios 

studied.  Photocircuit  II  was  used  for  all  of  the  photoelectric 

/ 

measurements.  The  traces  from  a simultaneous  pressure  and  light 
emission  measurement  are  shown  in  Fig.  39.  The  results  of  the  traces 
are  plotted  in  Fig.  liO.  The  run  represented  by  the  figure  was  the 
reaction  between  two  volumes  of  hydrazine  and  one  volume  of  nitric  acid. 
The  data  indicated  that  the  beginning  of  light  emission  preceded  the 
start  of  the  pressure  rise  by  about  0.8  msec.  The  carrier  wave  fre- 
quency for  the  trace  was  1080  cycles  so  that  the  relative  timing  between 
the  traces  has  an  accuracy  of  only  about  0.5  msec.  For  the  six  reactant 
ratios  studied,  the  light  emission  preceded  the  start  of  the  pressure 
rise  by  0.2  to  1.6  msec.  Two  runs  made  of  the  reaction  of  two  volumes 
of  nitric  acid  with  one  volume  of  hydrazine  indicated  that  the  pressure 
rise  began  0.1  and  0.8  msec,  before  light  emission  began.  No 
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Fig.  39.  Simultaneous  Pressure  and  Light  Intensity 
Traces  of  the  Reaction  of  Two  Volumes  of 
Hydrazine  with  One  Volume  of  Nitric  Acid, 
Run  1^2,  Reactor  II,  Time  Base:  100  msec. 
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significance  could  be  attached  to  this  observation  because  of  the 
estimated  experimental  error  of  0.5  msec* 

The  amplitude  of  the  photoelectric  traces  was  not  reproducible 
fox*  the  reasons  discussed  previously*  The  relative  intensity  of  the 
light  emission,  however,  increased  as  the  ratio  of  hydrasine  to  nitric 
acid  was  increased*  The  light  intensity  produced  by  reactions  in 
excess  nitric  acid  was  very  low.  Only  a dull  red  flash  was  noted  by 
visual  observation.  The  emission  persisted  in  some  cases  beyond  20 
msec,  for  the  acid  rich  runs.  Plots  of  light  intensity  vs.  time  are  shown 
in  Fig.  1*1  for  the  reaction  of  one  and  one-half  volumes  of  nitric  acid 
with  one  volume  of  hydrasine  (run  ll*6)  and  for  the  reaction  of  equal 
volumes  of  the  two  (run  107).  The  light  emitted  by  the  one  and  one-half 
to  one  mixture  persisted  for  only  a few  msec.  The  light  emitted  by  the 
reaction  In  excess  hydrasine  persisted  for  a much  longer  time.  The  light 
emission  from  the  three  hydrazine  excess  reactant  ratios  all  had  a time 
distribution  similar  to  that  shown  in  Fig.  1*1  for  the  equal  volume  case 
(run  107).  The  light  emission  persisted  for  the  hydrasine  rich  reac- 
tions up  to  20  msec,  in  some  cases. 

Injection  Rate  Measurements  of  the  Hydrazine*  Nitric  Acid  Reaction 
A number  of  simultaneous  measurements  of  the  transient  pressure 
and  the  injection  rate  were  made  for  each  of  the  six  reactant  ratios 
studied.  Photocircuit  HI  was  employed  for  these  measurements.  The 
traces  frem  a typical  simultaneous  measurement  are  shown  in  Fig.  1*2. 

The  results  of  the  traces  are  plotted  in  Pig.  1*3.  The  plot  represents 
a run  made  of  the  reaction  of  one  and  one- half  volumes  of  nitric  acid 
with  one  volume  of  hydrazine.  It  is  apparent  from  the  figure  that  the 
pressure  rise  began  2.2  msec,  after  the  beginning  of  injection.  The 


Light  Intensity  in  the  Reaction  of  One  and  One-half  Volumes  of  Nitric 
Acid  with  One  Volume  of  Hydra tine,  Run  lU7j  and  the  Reaction  of  Equal 
Volumes  of  the  Two,  Run  107. 
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Fig.  h2.  Simultaneous  Pressure  and  Injection  Rate 

Traces  of  the  Reaction  of  One  and  One-half 
Volumes  of  Nitric  Acid  with  One  Volune  of 
Hydrazine,  Run  llj2,  Reactor  II,  Time  Base: 
25  msec. 
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relative  timing  between  a pressure  trace  and  an  injection  rate  trace 
has  already  been  estimated  to  be  accurate  to  within  0.2  msec.  The 
plot  of  piston  position  vs.  tins  shows  a definite  break  in  the  slope. 
This  break  was  not  observed  in  any  of  the  results  obtained  for  the 
injection  of  water.  The  slowing  of  the  injection  rate  must  have  been 
due  to  the  kinetic  reaction  of  the  flame  on  the  injection  system.  The 
constancy  of  the  injection  velocity  near  the  completion  of  injection 
suggests  that  a stable  floim  front  is  produced  within  the  exit  tube 
before  injection  is  couplets. 

The  time  between  the  beginning  of  injection  and  the  point  of 
change  of  the  injection  rate  was  evaluated  for  all  of  the  runs  by 
graphically  estimating  the  point  of  intersection  of  the  two  linear 
portions  of  the  plot.  The  results  are  shown  in  the  fourth  column  of 
Table  27.  The  time  from  tbs  beginning  of  injection  to  the  beginning 
of  the  pressure  rise  is  reported  in  the  fifth  column  of  Table  27. 

This  time  varied  between  1.3  and  2.2  msec.  This  time  must  be  the  sum 
of  the  time  required  for  the  first  pressure  pulse  to  travel  from  the 
mixing  chamber  to  the  diaphragm  of  the  strain  gage  and  the  ignition 
delay  referred  to  the  pressure  rise.  An  infinitesimal  disturbance  will 
travel  through  a fluid  at  the  velocity  of  sound.  The  disturbance  pro- 
duced by  the  evolution  of  gases  from  tbs  reaction  in  question  probably 
is  initiated  as  a shock  wave  and  hence  is  propagated  at  a supersonic 
velocity.  The  channel  connecting  the  strain  gage  to  the  reactor, 
however,  has  five  90°  bends  and  various  surface  irregularities.  A shock 
wave  could  not  be  propagated  through  such  a channel  without  suffering 
numerous  reflections  and  complex  interactions  with  the  walls  of  the 
channel.  It  is  thus  likely  that  the  average  velocity  of  the  initial 
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disturbance  is  not  much  higher  than  the  sonic  Telocity.  The  distance 
the  disturbance  has  to  travel  frcu  the  exit  tube  of  the  nixing  plate 
to  the  strain  gage  is  about  1.5  feet«  The  velocity  of  sound  in  air  at 
rooa  temperature  is  1120  feet  per  second.  The  time  required  for  the 
pressure  wave  to  travel  this  distance  then  could  not  exceed  1.3  nsec. 

The  ignition  delay  referred  to  the  beginning  of  the  pressure  rise 
is  equal  to  the  time  to  the  start  of  the  pressure  rise,  shown  in  the 
fifth  column  of  the  table,  minus  1.3  msec,  if  it  is  assumed  that  the 
pressure  wave  required  1.3  msec,  to  reach  the  strain  gage.  The  calcu- 
lated ignition  delay  values  are  shown  in  the  sixth  column  of  the  table. 
Values  between  0,0  and  0.9  msec,  were  obtained.  The  data  obtained  for 
the  time  between  the  beginning  of  light  emission  and  the  beginning  of 
the  pressure  rise  is  a direct  measure  of  the  transit  time  of  the 
initial  pressure  wave  if  it  is  assumed  that  the  light  emission  occurs 
simultaneously  with  the  pressure  rise.  Values  between  0.2  and  1.6 
msec,  were  reported  in  the  previous  section.  The  calculated  value  of 
1.3  msec,  is  in  qualitative  agreement  with  the  observed  range  of  values. 
The  agreement  also  indicates  that  the  pressure  rise  and  the  light 
emission  begin  simultaneously  within  the  experimental  error  of  the 
measurements. 

The  rate  of  equilibration  of  the  pressure  in  the  interior  of  the 
reactor  with  the  pressure  acting  on  the  strain  gage  should  increase 
rapidly  during  the  injection.  The  velocity  of  sound  in  a perfect  gas 
is  directly  proportional  to  the  square  root  of  the  absolute  temperature. 
Ae  the  reactor  atmosphere  becomes  heated  due  to  the  heat  of  the  reac- 
tion, the  equilibration  rate  would  increase.  This  would  explain  in 
part  why  the  pressure  rise  seems  to  accelerate  slightly  during  the 
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approach  to  the  pressure  peak  even  though  the  injection  rate  has  slowed. 
The  over- Jill  injection  tine  is  coopered  to  the  tine  required  for  the 
pressure  to  reach  the  peak  value  in  the  seventh  and  eighth  columns  of 
Table  27.  The  data  show  that  the  pressure  rise  is  completed  in  a some-* 
what  shorter  time  than  the  injection  time.  This  is  also  presumably  due 
to  the  increased  rate  of  pressure  equilibration. 

The  initial  injection  rate  corresponding  to  the  first  linear  por- 
tion of  the  plot  shown  in  Fig.  U3  should  he  the  rate  that  would.be 
maintained  if  no  reaction  processes  were  involved.  The  initial  and 
final  injection  velocities  were  obtained  by  graphical  measurement  of 
the  slopes  of  the  linear  portions  of  the  plots.  The  measured  values 
are  given  in  the  sixth  and  seventh  columns  of  Table  28.  The  injection 
rate  is  expressed  as  the  time  for  the  piston  system  to  descend  seven- 
eighths  inch.  The  data  in  Table  28  show  that  the  injection  rate  ie 
decreased  by  a factor  of  approximately  two  because  of  the  thrust  created 
by  the  reaction  process « The  initial  injection  rate  can  be  calculated 
by  the  method  used  to  calculate  the  rate  of  water  Injection.  The 
measured  driving  gas  pressure  given  in  the  fourth  column  of  Table  28 
was  first  corrected  for  the  pressure  drop  due  to  gas  flow  in  the  pneu- 
matic injector  using  the  result  of  the  calculation  reported  in  Appendix 
U.  The  corrected  driving  gas  pressure  was  then  used  in  conjunction 
with  the  calculations  detailed  in  Appendix  I in  order  to  derive  the 
calculated  injection  rates  shown  in  the  fifth  column  of  the  table. 

The  calculated  injection  times  are  found  to  be  much  shorter  than  those 
observed  suggesting  that  the  reaction  inhibits  the  injection  even  in 
the  early  stages  of  injection. 
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( Analysis  of  the  Products  of  the  ERrdrazine.  Nitric  Acid  Reaction 

Several  methods  -were  employed  to  derive  information  concerning  the 
products  of  the  reaction  of  hydrazine  with  nitric  acid.  The  liquid 
products  from  several  runs  mere  collected  hy  rinsing  the  reactor  with 
distilled  eater.  The  resulting  solution  was  analyzed  for  total  acidity 
and  for  hydrazine  by  the  methods  described  in  Appendix  III.  Some  of 
the  liquid  remained  as  droplets  on  various  parts  of  the  reactor  and 
aas  not  collected.  It  is  estimated,  however,  that  8o£  or  more  of  the 
liquid  product  of  a run  was  collected  by  the  method  employed.  There 
was  no  more  than  a trace  of  hydrazine  found  for  any  of  the  reactant 
ratios  studied.  The  results  of  the  analysis  of  total  acidity  are 
given  in  Table  29.  The  acid  content  is  expressed  as  the  percentage  of 
the  total  nitric  acid  introduced  into  the  reactor  originally.  The 
^ liquid  products  of  several  runs  were  allowed  to  evaporate  to  dryness. 

Ho  solid  products  were  found  for  any  of  the  reactant  ratios  studied. 


Table  29*  Residual  Acidity  in  the  Liquid  Products 
of  the  $jrdrazine.  Nitric  Acid  Reaction 


Reactant 

ratio 

Reactant 
in  excess 

Average  acid  content 
of  liquid  product, 
in  per  cent  of 
original  HNO^ 

Number  of 
determinations 

k : 1 

HNO, 

25 

1 

2 : 1 

HNO, 

17 

6 

1.5  : 1 

HN05 

12 

k 

1 * 1 

mm 

0 

3 

1.5  t 1 

0 

3 

2 : 1 

K2Hll 

0 

3 

( 
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Severe!  runs  'were  made  in  which  the  gaseous  products  were  collected 
and  sent  to  the  Institute  of  Gas  Technology  for  mass  spectrometrlc 
analysis.  For  these  runs  the  reactor  was  flushed  thoroughly  with  tank 
helium  before  injection  was  begun.  About  two  seconds  after  injection, 
the  contents  of  the  reactor  were  expanded  into  the  five  liter  bulb 
system,  which  had  previously  been  evacuated  to  a pressure  of  about  3 
mm.  Hg.  The  large  volume  was  then  transferred  to  a high  vacuum 
apparatus.  The  volume  containing  the  product  gases  was  opened  to  the 
vacuum  apparatus  and  a sample  taken.  The  pressure  of  the  sample  was 
measured  on  a mercury  manometer.  The  sample  was  then  equilibrated  with 
a liquid  nitrogen  bath  by  passing  the  gas  back  and  forth  through  the 
oooled  trap  by  means  of  a Toepler  pump.  The  non-condensable  gas  in  the 
small  sample  was  then  discarded.  The  condensed  material  was  allowed  to 
warm  to  room  temperature.  The  total  pressure  of  the  condensibles  could 
then  be  measured  on  the  manometer.  Since  the  two  pressure  measurements 
referred  to  the  same  gas  volume,  it  was  possible  to  evaluate  the  per- 
centage of  condensibles  in  the  product  gases?  The  condensibles  were 
then  discarded  and  another  sample  taken  from  the  large  bulb  system. 

This  sample  was  equilibrated  with  a cold  trap.  The  non-condensible 
material  was  then  expanded  into  a sample  bulb  and  sent  away  for  anal- 
ysis on  the  mass  spectrometer.  The  remainder  of  the  product  gases  was 
then  slowly  passed  through  a trap  cooled  by  liquid  nitrogen  so  that  all 
of  the  condensible  products  could  be  collected.  An  attempt  was  then 
made  to  qualitatively  identify  the  condensible  materials. 

The  foregoing  analytical  procedure  was  carried  out  on  the  products 
of  the  reaction  of  four  different  reactant  ratios.  These  ratios  were 
(1)  four  volumes  of  nitric  acid  to  one  volume  of  hydrazine,  (2)  one  and 
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one-half  volumes  of  nitric  acid  to  one  volume  of  hydrazine,  (3)  equal 
volumes  of  the  two,  and  (U)  two  volumes  of  hydrazine  to  one  volume  of 
nitric  acid.  The  first  of  these  ratios  is  an  example  of  an  acid  rich 
mixture.  The  second  and  third  are  examples  of  near  stoichiometric 
mixtures.  The  fourth  is  an  example  of  a hydrazine  rich  mixture.  A 
discussion  of  the  analysis  of  the  products  for  each  one  of  these; 
ratios . follows » 

1.  The  reaction  of  four  volumes  of  nitric  acid  with  one  volume  of 
hydrazines  The  gaseous  products  were  crudely  separated  from  the  liquid 
products  by  the  expansion  of  the  gases  into  the  large  evacuated  volume. 
The  liquid  products  were  allowed  to  remain  in  the  reactor.  The  gases 
obtained  by  this  manner  unavoidably  contained  a small  quantity  of  water 
vapor.  The  gases  were  then  transferred  to  the  vacuum  apparatus  and 
divided  into  condensible  and  non-condensible  fractions.  The  gases 
analyzed  by  the  mass  spectrometer; were  only  those  that  were  not  con- 
densed by  liquid  nitrogen.  Disregarding  helium,  the  non-condensible 
gas  was  found  to  be  nitrogen  with  only  traces  of  hydrogen  and  oxygen. 
The  condensible  .fraction  of  the  product  gases  had  the  characteristic 
color  of  NOg.  The  condensibles  were  colorless  at  the  temperature  of 
liquid  nitrogen,  however,  indicating  that  no  NO  was  present,  since 
solid  NO  has  a blue  color.  Any  NO  formed  by  the  reaction  would  have 
been  converted  into  NOg  by  the  oxygen  found  in  the  non-condensible 
fraction.  Any  ammonia  produced  by  the  reaction  would  have  remained  in 
the  reactor  as  ammonium  nitrate.  The  only  gases  that  could  likely  have 
been  in  the  condensible  fraction  were  then  NOg  and  N20.  It  was  not 
possible  to  separate  any  NgO  from  the  N02  by  distillation.  The  sample 
had  a pressure  of  257  mm.  Hg  when  collected  in  a 0°C  trap.  The  vapor 
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( pressure  of  the  equilibrium  mixture  of  HOg  and  KgOj,  at  0°C  is  f>3  ram. 

Hg.^  Ary  NgO  would  have  been,  entirely  in  the  gaseous  phase  at  this 
temperature  so  that  a very  rough  estimate  would  place  the  total  pres- 
sure of  the  Hg 0 at  about  200  mm.  Kg.  The  volume  of  the  trap  system 
on  the  high  vacuum  apparatus  was  not  much  greater  than  about  UOO  cc., 
i.e.,  it  had  approximately  the  same  volume  as  the  reactor,  so  that  the 
total  contribution  of  the  NgO  to  the  final  pressure  of  the  reaction 
products  in  the  reactor  was  probably  not  more  than  about  0.3  atm. 

The  total  final  pressure  for  the  four  to  one  runs  was  shown  to  be 
2.66  atm.  in  Table  26.  The  final  result  of  the  analysis  of  the  reac- 
tion products  is  summarised  in  Table  30  for  the  four  to  one  reactant 
ratio.  About  1056  of  the  original  reactant  moles  were  unaccounted  for 
in  a material  balance  baaed  upon  the  results  shown  in  Table  30. 


Table  30.  Produots  of  the  Reaction  of  Four  Volumes  of 
Kitrlc  Aoid  with  One  Volume  of  fydrasine 


Partial  pressure 

Calculated 

Component 

in  reactor,  in  atm. 

millimoles 

Footnote 

Kg 

1.17 

16.1 

a 

°2 

o.o5 

0.7 

a 

*2 

0.01 

0.1 

a 

n2o 

NOg 

■A 

0.3 

k 

b 

0.3 

k 

fc,c 

0.8 

11 

b,c 

HNO, 

Hg <r 

17 

6U 

d 

e 

“ Calculated  from  mats  spectrometer  analysis. 

° Condensible  fraction. 

c Based  upon  equilibrium  constant  ^HOg/^KgO^  " °*^6  atm.  at  20°C. 

^ Calculated  from  the  analysis  of  liquid  products. 

* By  difference,  based  upon  a hydrogen  balance. 
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2.  The  ruction  of  one  and  one-half  volumes  of  nitric  acid  with 
one  volume  of  hydrasine:  The  non-c ondensible  gases  vers  found  to 
contain  nitrogen  and  a snail  quantity  of  hydrogen.  The  condensible 
gases  sere  found  to  coop  rise  only  18£  of  the  total  reactor  pressure 
excluding  the  original  atmosphere  of  helium.  The  condensible  gas  had 
a slight  yellow  color  indicating  the  presence  of  VOg.  The  condensible 
material  had  patches  of  blue  color  at  the  tenperatnre  of  liquid  nitro- 
gen indicating  the  presence  of  MO.  The  condensible  material  had  a vapor 
pressure  of  13  am.  Hg  at  -78°C.  VOg  b*8  8 vapor  pressure  of  less  than 
1 am.  Hg  at  this  temperature. 39  The  pressure  must  have  been  due  to  VO 
and  possibly  VgO,  since  they  are  entirely  gaseous  at  this  temperature. 
The  composition  of  the  non-condensible  fraction  was  not  determined 
farther.  The  final  result  of  the  analysis  is  given  in  Table  31  for 
the  one  and  one-half  to  one  ratio. 


Table  31.  Products  of  the  Reaction  of  One  and  One-half  Volumes 
of  Mitrlc  Acid  with  One  Volume  of  fydrasine 


Component 

Partial  pressure 
in  reactor,  in  atm. 

Calculated 

milUmoles 

Footnote 

*2 

1.1*6 

20.1 

a 

4 

0.0$ 

0.7 

a 

VgO 

5 as  VO 

003 

iuS 

b 

*2% 

HHOo 

3.1 

e 

V 

m 

50.2 

d 

* Calculated  from  mass  spectrometer  analysis. 

® Condensible  fraction. 

® Calculated  from  analysis  of  liquid  products, 
f d By  difference,  based  upon  a hydrogen  balance. 
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Again,  about  10$  of  tha  original  reactant  moles  mere  unaccounted  for 
in  the  material  balance  based  upon  the  results  shown  in  Table  31. 

3.  The  reaction  of  equal  volumes  of  nitric  acid  and  hydraiine* 

The  product  gases  appeared  colorless  indicating  that  very  little  if 
any  BOg  mas  formed  in  the  reaction*  Only  U$  of  the  gases  excluding 
the  helium  mere  condensible  in  liquid  nitrogen.  The  mass  spectrometer 
sample  mas  passed  through  a dry  ice  trap  so  that  same  of  the  materials 
that  mere  condensible  in  liquid  nitrogen  would  be  included  in  the  mass 
spectrometric  analysis*  The  mass  spectrometer  analysis  shamed  nitrogen 
and  hydrogen  with  traces  of  nitrous  oxide  and  nitric  azide*  When  the 
entire  condensible  sample  mas  collected,  a slight  yellow  color  developed 
indicating  a very  slight  trace  of  KOg.  The  blue  color  of  the  frosen 
material  showed  that  MO  was  present*  A summary  of  the  composition  of 
the  products  for  the  reaction  of  equal  volumes  of  the  two  reactants  is 
given  in  Table  32.  Only  about  3$  of  the  original  reactant  moles  mere 


Table  32*  Products  of  the  Reaction  of  Equal  Volumes  of 
Nitric  Acid  and  %dra*ine 


Component 

Partial  pressure 
in  reactor,  in  atm* 

Calculated 

millimoles 

Footnote 

No 

2.82 

38.8 

a 

|C 

0.14* 

6.0 

a 

nfo 

0.06 

0.8 

a 

h8 

0.03 

0.1* 

a 

V 

- 

69.1 

b 

a Calculated  from  mass  spectrometer  analysis* 
b By  difference,  based  upon  a hydrogen  balance* 


( 


unaccounted  for  in  the  material  balance  based  upon  the  results  shown 
in  Table  32* 
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1*.  The  reaction  of  two  volumes  of  hydr&sine  with  one  volume  of 
nitric  acid*  The  gases  were  completely  colorless  indicating  the 
absence  of  KOg*  Tk®  gsses  were  passed  through  a trap  cooled  by  carbon 
tetrachloride  slush  (-23°C)  before  entering  the  mass  spectrometer 
sample  tube*  It  was  hoped  that  only  water  vapor  would  be  trapped  out 
of  the  sample  so  that  all  of  the  gases  could  be  identified  by  the  mass 
spectrometer  analysis*  The  analysis  showed  the  presence  of  nitrogen, 
hydrogen,  ammonia  and  traces  of  nitrous  oxide  and  nitric  oxide.  The 
presence  of  ammonia  in  the  gases  indicated  that  ammonia  should  also 
be  present  in  the  liquid  products.  A crude  calculation  was  made  of 
the  ammonia  concentration  in  the  aqueous  phase  based  upon  the  measured 
concentration  in  the  gaseous  phase,  the  total  final  pressure  of  the 
run,  and  the  absorption  coefficient  of  ammonia.  The  results  of  the 
analysis  for  the  two  to  one  case  are  given  in  Table  33. 


Table  33*  Products  of  the  Reaction  of  Two  Volumes  of 
fydrasine  with  One  Volume  of  lELtrlc  Acid 


Component 

Partial  pressure 
in  reactor,  in  atm. 

Calculated 

millimoles 

Footnote 

I2 

3.17 

1*3.5 

a 

Ho 

2.32 

31.9 

a 

0.36 

U.9 

a 

HO"3 

0.0$ 

0.7 

a 

N«0 

0.01 

0.1 

a 

HpO 

U$.o 

b 

hh3(*i) 

9 

c 

Calculated  from  mass  spectrometer  analysis* 

® By  difference,  based  upon  an  oxygen  balance* 
0 Calculated  from  the  absorption  coefficient, 
Ot«  710  atm."-*- 


Only  about  of  tha  original  reactant  moles  were  tmac counted  for  in 
tho  material  balance  baaed  upon  the  results  shown  in  Table  33. 

The  results  of  the  analysis  for  the  reaction  products  were  neces- 
sarily approximate  when  soluble  gases  such  as  HOg  or  HH3  were  Involved. 
Error  could  have  resulted  from  the  uncertainty  concerning  the  amount 
of  material  that  wma  removed  from  the  aqueous  phase  when  the  products 
were  suddenly  expanded  into  the  large  eradiated  volume.  Error  in  the 
analysis  of  the  liquid  products  could  have  resulted  from  evaporation  <£ 
the  dissolved  gases  before  the  products  vs  re  diluted  with  water.  The 
analysis  of  tho  residual  nitric  acid  and  the  analysis  of  the  nitrogen 
dioxide  content  of  the  gaseous  phase  were  complicated  by  the  reversible 
reaction  represented  by  Zq,  22 1 

(22)  2 HM03  ^ 2 K02  + 0.5  Og  ♦ HgO 

Because  of  this  equilibrium,  the  nitric  acid  found  after  a run  was  not 
necessarily  unreacted  material.  It  could  have  been  reformed  from 
nitrogen  dioxide,  water  and  oxygen.  In  the  presence  of  a slight  excess 
of  water,  the  equilibrium  is  to  the  left  of  Eq.  22  at  room  temperature. 
This  could  account  for  the  absence  of  oxygen  in  the  aold  rich  runs. 

It  was  uncertain  how  much  of  the  reactants  remained  in  the  lead 
tubes  and  jets  of  the  mixing  plate.  The  volume  of  the  lead  tubes  and 
jets  was  from  6 to  ll£  of  the  total  volume  of  the  reactant  cylinders 
depending  upon  the  reactant  ratio  under  consideration.  Some  unreacted 
material  was  always  found  to  remain  in  this  volume  after  a run.  It 
was  assumed  for  the  purposes  of  the  material  balances  that  the  lead 
tubes  and  jets  were  filled  with  un re acted  material. 


Studies  of  the  Aniline,  Nitric  Acid  Reaction 

Aniline  ms  purified  by  distillation  from  sine  duet.  The  product 
use  colorless  and  distilled  at  182°C  under  a pressure  of  75>0  mm.  Hg. 

The  refractive  index  of  the  product  iras  measured  and  found  to  be  1.5791 
at  32.5°C,  The  reaction  of  aniline  with  nitric  acid  can  be  represented 
by  Eq.  23  for  the  stoichiometric  mixture  if  it  is  assumed  that  the 
reaction  reaches  thermodynamic  equilibrium; 

(23)  C^NHg  + 6,2  ®®°3  — > 6.6  **2°  + 3.6  H2  + 6 C02 

One  run  was  made  of  the  reaction  of  equal  volumes  of  aniline  and  nitric 
acid*  This  corresponded  to  a molar  ratio  of  2.1U  moles  of  acid  to  one 
mole  of  aniline.  Only  the  transient  pressure  was  measured.  The  pres- 
sure rise  began  about  2 msec*  after  injection  began.  The  pressure 
gradually  rose  to  about  1*5  atm*  over  a period  of  UO  msec.  Large 
quantities  of  carbon  and  tar  were  found  in  the  reactor  af  ter  the  run. 

Two  runs  were  made  of  the  reaction  of  four  volumes  of  acid  with 
one  volume  of  aniline . This  corresponded  to  a molar  ratio  of  8.18 
moles  of  acid  to  one  mole  of  aniline.  A simultaneous  measurement  of 
the  transient  pressure  and  the  onset  of  light  emission  was  made.  The 
onset  of  light  emission  was  determined  using  Photocircuit  III.  The 
traces  are  shown  in  fig.  M.  The  transient  pressure  trace  is  shown 
at  the  top  of  the  figure  and  the  light  intensity  trace  at  the  bottom 
of  the  figure.  The  point  at  which  the  light  emission  began  could  be 
located  to  within  about  0.2  msec,  with  respect  to  the  pressure  trace. 

No  information  is  provided  by  the  measurement  concerning  the  time  at 
which  injection  began.  The  time  from  the  beginning  of  the  trace  (the 
closing  of  the  contacts  in  the  pneumatic  injector)  to  the  beginning 
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Fig.  Uh.  Simultaneous  Pressure  and  Light  Emission 

Traces  of  the  Reaction  of  Aniline  with  Nitric 
Acid,  Run  1J>7,  Reactor  II,  Time  Bases  2$  msec. 
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of  injection,  however,  was  found  to  be  between  1.0  and  1.5  msec,  for 
the  injection  rate  measurements  made  with  other  systems  in  which  this 
time  interval  could  be  deduced.  The  result  of  the  run  is  shown  in 
Fig.  1*5.  Time  is  plotted  from  the  beginning  of  injection  assuming  that 
1.2  msec,  elapsed  from  the  start  of  the  trace  to  the  beginning  of 
injection.  The  moment  of  light  emission  came  2.3  msec,  after  injection 
began.  The  pressure  rise  began  about  1.3  msec,  later.  The  ignition 
delay  was  thus  2.3  msec.  The  further  delay  in  the  pressure  rise  was 
probably  only  apparent,  being  due  to  the  time  required  for  the  pressure 
pulse  to  travel  to  the  strain  gage  diaphragm.  The  maximum  pressure  was 
1*2  atm.  in  comparison  to  the  pressure  of  1.5  atm.  obtained  for  the  one 
to  one  ratio. 

Another  run  of  the  four  to  one  ratio  was  made  in  which  it  was 
attempted  to  measure  the  injection  rate.  The  start  of  injection  could 
be  clearly  discerned  but  the  remainder  of  the  trace  could  not  be 
interpreted.  The  beginning  of  the  pressure  rise  occurred  only  2.5 
msec,  after  the  beginning  of  injection.  Allowing  1.3  msec,  for  the 
pressure  pulse  to  reach  the  strain  gage,  the  ignition  delay  was  1.2 
msec.  Damage  was  noted  to  the  mixing  plate  after  both  of  the  four  to 
one  runs.  The  exit  tube  was  widened  at  the  outlet  and  had  the  form 
of  a bell.  The  closed  end  of  the  exit  tube  was  also  bent  and  widened. 
For  this  reason  no  further  studies  of  the  aniline,  nitric  acid  reac- 
tion were  carried  out.  A new  mixing  plate  was  constructed  to  replace 
the  damaged  one. 

The  results  of  the  aniline,  nitric  acid  reaction  are  shown  in 
Table  3U.  Large  amounts  of  N02  but  no  carbon  deposits  were  noted  in 
the  products  resulting  from  the  reactions  reported  in  Table  3i*. 
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Fig.  Simultaneous  Measurement  of  Pressure  Rise  and  the  Onset  of  Light 

Emission  in  Reaction  of  Aniline  with  Nitric  Acid,  Run  157,  Reactor  II 
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Table  3k<>  Ignition  Delay  in  the  Reaction  of  Four  Volumes 
of  Nitric  Acid  with  One  Volume  of  Aniline 


■ 

Ignition  delay. 

Maximum  pressure. 

Final  pressure 

Run 

in  msec* 

in  atm. 

in  atm. 

157 

2.3 

1*2 

1*.31 

1J>8 

1.2 

35 

3 .21*. 

It  is  likely  that  the  damage  to  the  apparatus  resulted  from  the  fact 
that  the  delayed  ignition  occurred  while  injection  was  still,  in  pro- 
gress* The  flame  m ay  ha-re  flashed  back  along  the  issuing  reactant 
stream  toward  the  exit  tube  possibly  reaching  a detonation  velocity* 
This  could  also  account  for  the  irregularities  noted  in  the  injection 
( rate  trace,  since  it  is  entirely  possible  that  injection  was  inter- 

rupted or  even  reversed  for  an  instant  when  the  force  of  the  ignition 
first  reached  the  exit  tube  of  the  mixing  plate* 

Studies  of  the  Hydrogen  Peroxide*  Hydrazine  Reaction 

High  strength  hydrogen  pe  ; ide  was  analyzed  by  the  method  out- 
lined in  Appendix  HI  and  found  to  contain  Sk=5%  HgOj,  by  weight.  The 
reaction  can  be  represented  by  Eq.  2l*  for  the  stoichiometric  mixture 
if  it  is  assumed  that  the  reaction  reaches  thermodynamic  equilibrium: 

(21*)  N2H^  + 2 Hg02  > N2  + U HgO 

Runs  were  made  of  the  reaction  of  equal  volumes  of  the  two  reactants. 
This  corresponded  to  a molar  ratio  of  1.15  moles  of  hydrogen  peroxide 
per  mole  of  hydrazine.  Runs  were  also  made  of  the  reaction  of  two 
volumes  of  hydrogen  peroxide  to  one  volume  of  hydrazine.  This 
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corresponded  to  a molar  ratio  of  2 .1*6  moles  hydrogen  peroxide  per 
mole  of  hydrazine. 

The  reaction  of  equal  volumes  of  hydrogen  peroxide  end  hydrazine 
shoved  a variable  ignition  delay.  The  data  are  summarized  in  Table  35. 


Table  35*  Ignition  Delay  Measurements  of  the  Reaction  of 
Equal  Volumes  of  hydrogen  Peroxide  and  Rydrazine 


Sun 

Time  from  the  start 
of  injection  to  the 
start  of  the  pressure 
rise,  in  msec. 

Ignition  delay 
referred  to  the 
pressure  rise, 
in  msec. 

Maximum 
pressure, 
in  atm. 

Final 
pressure, 
in  atm. 

161* 

m 

27 

1.9 

163 

1.U 

0.1 

U2 

1.8 

165 

2.U 

1.1 

55 

3.0 

162 

3.5 

2.2 

58 

• 

ja 

Sinraltanaous  measurement  of  the  pressure  rise  and  the  onset  of 

light  emission,  light  emission  preceded  the  pressure  rise  by  1.0  msec. 

The  second  column  of  the  table  shows  the  observed  time  from  the  beginning 
of  injection  to  the  beginning  of  the  pressure  rise.  The  data  were 
obtained  from  simultaneous  injection  rate  and  transient  pressure 
measurements.  It  was  assumed  that  the  initial  pressure  pulse  required 
1.3  msec,  to  reach  the  diaphragm  of  the  strain  gags.  The  ignition 
delay  was  then  equal  to  the  time  given  in  the  second  column  of  the 
table  minus  1.3  msec.  In  the  first  three  runs  reported  in  the  table, 
the  ignition  probably  occurred  while  injection  was  still  in  progress* 

The  result  of  the  simultaneous  measurement  of  the  injection  rate  and 
the  transient  pressure  for  run  163  is  shown  in  Fig.  ii£.  The  slope  of 
the  plot  of  piston  position  vs.  time  shows  a sharp  break  indicating 
further  that  ignition  did  occur  during  the  injection.  The  result  of 
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run  162  is  shown  in  Fig.  U7«  The  linear  character  of  the  injection 
indicated  that  ignition  did  not  occur  until  injection  was  complete. 

The  injection  time  for  run  162  was  1.80  msec,  and  the  driving  pressure 
was  1600  lb.  per  sq.  in.  which  is  in  agreement  with  the  results 
obtained  for  the  Injection  of  water  reported  in  Table  17. 

The  reaction  of  two  volumes  of  hydrogen  peroxide  with  one  volume 
of  lydrazine  showed  a more  consistent  ignition  delay.  The  data  are 
summarized  in  Table  36. 


Table  36.  Ignition  Delay  Measurements  of  the  Reaction  of 
Two  Volumes  of  Hydrogen  Peroxide  with  One 
Volume  of  Hydrazine 


Run 

Time  from  the  start 
of  injection  to  the 
start  of  the  pressure 
rise,  in  msec. 

Ignition  delay 
referred  to  the 
pressure  rise, 
in  msec. 

pressure, 
in  atm. 

Final 
pressure, 
in  atm. 

166 

2.6 

1.3 

32 

1.7 

167 

3.0 

1.7 

la 

1.8 

168* 

- 

36 

1.9 

^Simultaneous  measurement  of  the  pressure  rise  and  the  onset  of  light 
emission,  light  emission  preceded  the  pressure  rise  by  0.7  msec. 


The  second  column  of  the  table  shows  the  observed  time  from  the  begin- 
ning of  injection  to  the  beginning  of  the  pressure  rise.  The  ignition 
delay  was  again  calculated  on  the  assumption  that  the  initial  pressure 
pulse  required  1.3  msec,  to  travel  to  the  diaphragm  of  the  strain  gage. 
The  ignition  delay  was  found  to  be  between  1.3  and  1.7  msec.  The 
injection  rate  traces  indicated  that  the  ignition  did  occur  during 
the  injection. 


Fig,  U7*  Siaultaneous  Measurement  of  Injection  Rate  and  Pressure  Rise  in 
the  Reaction  of  Equal  Volumes  of  Hydrogen  Peroxide  and  Hydrazine 
Run  162,  Reactor  II. 
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Studies  of  the  He action  Between  Nitric  Acid  and  Liquid  Aaa onia.  hydrazine 

ggEugs — *mrm. 

The  purification  of  nitric  acid  and  hydrazine  have  already  been 
described*  The  ammonia  urns  taken  from  a tank  of  Pennsylvania  Salt  Co. 
Anhydrous  Ammonia.  The  preparation  of  the  liquid  ammonia,  hydrazine 
Mixtures  was  as  follow*:  About  one  gram  of  anhydrous  hydrazine  was  added 
to  a snail  Brlenmeyer  flask  which  had  previously  been  weighed.  The  flask 
was  then  rewaighed  to  obtain  the  weight  of  hydrazine.  The  flask  was 
quickly  attached  to  a high  vacuum  apparatus  by  naans  of  a ground  glass 
joint*  The  hydrazine  was  frozen  in  the  flask  by  naans  of  a liquid 
nitrogen  bath.  The  system  was  than  evacuated.  Tank  ammonia  was 
admitted  at  room  temperature  to  a calibrated  volume  of  3.60  liters  which 
was  connected  to  a nanometer*.  The  amount  of  ammonia  gas  present  in  the 
calibrated  volume  -ms  then  calculated  hy  means  of  the  perfect  gas  law* 

The  anraonia  was  allowed  to  condense  in  the  flask  with  the  hydrazine 
until  the  pressure  in  the  large  volume  decreased  to.  a sufficiently  low 
value*  A new  charge  of  anmnnia  was  than  added  to  the  large  volume* 

The  procedure  was  repeated  until  the  desired  amount  of  ammonia  had  been 
added  to  the  hydrazine*  The  flaek  was  removed  from  the  vacuum  apparatus, 
covered  and  stored  at  the  temperature  of  dry  ioe. 

The  reactor  had  to  be  cooled  before  the  mixture  could  be  loaded 
into  the  reactant  cylinders.  The  reactor  wae  partially  assembled  and 
cooled  to  about  -60°C  by  immersing  it  in  an  insulated,  two  liter 
beaker  that  contained  a mixture  of  trichloroethylene  and  powdered  dry 
ice*  The  liquid  ammonia,  hydrazine  aixturi  was  then  transferred  from 
the  storage  flask  to  the  cylinder  by  means  of  an  automatic  pipet  which 
had  been  cooled  by  immersion  in  liquid  nitrogen.  The  piston  was 
inserted  into  the  cylinder  only  after  it  had  also  bean  cooled  by 
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Immersion  in  liquid  nitrogen.  After  the  nitric  acid  had  been  loaded 
into  the  other  cylinder,  the  reactor  had  to  be  removed  from  the  cold 
bath  for  a short  time  while  the  assembly  was  completed.  The  tempera- 
ture of  the  reactor  rose  to  only  about  -45  °C  during  this  period.  The 
assembled  reactor  was  then  placed  in  the  low  temperature  thermostatic 
bath  and  brought  to  the  desired  temperature  before  injection  was 
initiated. 

The  runs  had  to  be  made  over  a rather  limited  temperature  range. 
The  lower  limit  to  the  temperature  range  was  -42 °C,  the  freezing 
point  of  anhydrous  nitric  acid.^0  The  upper  limit  was  -33°C,  the  boil- 
ing point  of  liquid  ammonia. All  of  the  runs  were  made  of  equal 
volumes  of  the  two  reactants. 

A run  was  made  of  the  reaction  of  pure  liquid  ammonia  with 
nitric  acid.  The  thermocouple  indicated  a temperature  of  -47 °C.  At 
this  temperature,  the  nitric  acid  should  have  been  frozen;  however, 
the  injection  appeared  to  have  proceeded  normally.  Only  the  transient 
pressure  was  measured.  The  pressure  showed  a slight  maximum  of  about 
one  atmosphere.  The  product  of  the  reaction  was  a non-volatile  white 
solid,  presumably  ammonium  nitrate.  It  thus  appeared  that  there  had 
been  no  ignition. 

Two  runs  were  made  of  the  reaction  of  equal  volumes  of  nitric 
acid  with  a mixture  containing  9*0%  hydrazine.  Both  runs  were  simul- 
taneous measurements  of  the  transient  pressure  and  the  onset  of  light 
emission  using  Photocircuit  IU.  The  result  of  one  of  the  runs  is 
shown  in  Fig.  48.  Since  it  is  not  possible  to  determine  when  injection 
began  from  the  traces  of  a simultaneous  light  emission  and  transient 
pressure  measurement,  it  was  again  assumed  that  1.2  msec,  elapsed 
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Fig.  1*8.  Simultaneous  Measurement  of  Pressure  Rise  and  the  Onset  of  Light  Emission  in  the 
Reaction  of  Equal  Volumes  of  Nitric  Acid  with  a Mixture  of  Hydrazine  and  Liquid 
Ammonia  Containing  9»0%  Rydraaine,  Run  17hf  Reactor  II. 
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between  the  beginning  of  the  tine  base  and  the  start  of  injection. 
Injection  rate  measurements  could  not  be  made  when  the  reactor  was 
located  in  the  thermostatic  bath.  The  data  for  the  reaction  of  nitric 
acid  with  the  mixture  containing  9-036  hydrazine  are  summarized  in  Table 
37.  The  second  column  of  the  table  shows  the  temperature  indicated  by 
the  thermocouple  located  close  to  the  reactants  before  injection. 


Table  37.  Ignition  Delay  Measurements  of  the  Reaction  of  Equal 
Volumes  of  Nitric  Acid  with  a Mixture  of  Hydrazine 
and  Liquid  Ammonia  Containing  9.0/6  Hydrazine 


Ignition  delay  referred 

Maximum 

Run 

Temperature, 

to  light  emission, 

pressure. 

in  °C 

in  msec. 

in  atm. 

17U 

-35 

1.0 

Ul 

175 

-33 

l.k 

la 

Three  runs  were  made  of  the  reaction  of  equal  volumes  of  nitric 
acid  and  a mixture  containing  2.7/6  hydrazine.  The  runs  were  simul- 
taneous measurements  of  the  transient  pressure  and  the  onset  of  light 
emission.  The  results  are  summarized  in  Table  38.  Again  it  had  to 
be  assumed  that  injection  began  1.2  msec,  after  the  closing  of  the 
contacts  in  the  pneumatic  injector.  The  result  of  two  of  the  runs  are 
shown  in  Fig.  U9 • There  was  no  light  emission  in  runs  177  and  178. 

The  absence  of  light  and  the  very  low  maximum  pressure  indicated  that 
no  Ignition  occurred.  It  is  apparent  from  the  figure  that  the  transient 
pressure  for  runs  176  and  177  began  to  follow  the  same  course.  In  run 
176,  however,  the  mixture  ignited  giving  rise  to  the  emission  of  light 
2.9  msec,  after  injection.  About  one  msec,  later  the  pressure  began 


179 


to  ri.se  rapidly*  It  is  again  reasonable  to  suppose  that  the  light 
emission  and  the  rapid  pressure  rise  occurred  simultaneously,  the  delay- 
in  the  latter  being  only  apparent. 


Table  36.  Ignition  Delay  Measurements  of  the  Reaction  of  Equal 
Volumes  of  Nitric  Acid  with  a Mixture  of  Hydrazine 
and  Liquid  Ammonia  Containing  2 .7%  Hydrazine 


Sun 

Temperature, 
in  °C 

Ignition  delay  referred 
to  light  emission, 
in  msec. 

Maximum 
pressure, 
in  atm. 

176 

-38 

2.9 

31 

177 

-Ul 

- * 

3.5 

178 

-ia 

- * 

3.5 

* 

No  ignition  occurred* 
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CHAPTER  VI 
DISCUSSION 


The  apparatus  described  herein  was  designed  to  contact  and  mix: 
useful  quantities  of  tiro  liquids  in  the  shortest  possible  time.  Reactor 

I was  designed  by  McKinney  for  the  purpose  of  studying  the  kinetics  of 
rapid  reactions  in  which  a gas  is  formed.  Reactor  I contacts  approx- 
imately one  cc.  of  one  reactant  with  a large  excess  of  a second 
reactant.  Reactor  II  was  designed  specifically  for  the  purpose  of 
studying  the  ignition  of  self-igniting  fuel-oxidant  systems.  Reactor 

II  contacts  more  nearly  equal  quantities  of  reactant  solutions. 

In  Reactor  I,  the  liquid  reactants  are  forced  together  by  the 
action  of  high  pressure  nitrogen  gas  on  floating  pistons.  The  two 
pistons  were  not  mechanically  coupled  so  that  there  was  no  way  to 
insure  that  the  pistons  would  descend  together.  McKinney  reported  that 
the  large  piston  descended  in  9 msec,  and  the  small  one  in  5 msec. 
Injection  measurements  were  made  during  the  present  research  in  which 
it  was  shown  that  the  small  piston  completed  its  descent  3.5  msec,  after 
the  large  piston  in  a particular  experiment.  The  only  reaction  studied 
in  Reactor  I was  the  reaction  of  sodium-potassium  alley  with  excess 
water.  The  delay  in  descent  of  the  small  piston  was  shown  to  cause  a 
large  maximum  to  occur  in  the  transient  pressure  sometime  during  the 
first  10  msec,  of  the  reaction.  Extreme  care  was  required  in  the 
preparation  of  the  piston  gaskets  in  order  to  avoid  a late  start  of 
the  small  piston.  The  absence  of  a large  first  maximum  in  some  of  the 
runs  reported  in  Table  20  was  taken  as  evidence  for  the  fact  that 
uniform  piston  descent  had  been  achieved. 

Reactor  II  was  designed  to  avoid  the  difficulty  due  to  the  uneven 
descent  of  the  two  pistons.  In  Reactor  II,  both  pistons  are  driven  by 


a single  large  piston  which  in  turn  is  driven  by  high  pressure  nitrogen 
gas.  This  arrangement  was  responsible  for  the  improved  injection  tine 
obtained  with  Reactor  II.  The  driving  gas  pressure  is  applied  to  an 
area  of  about  0.7$  sq.  in.  The  sum  of  the  areas  of  the  saallsr  pistons 
for  the  one  to  one  injection  system  is  only  0.1f>  sq.  in.  If  an  actual 
driving  gas  pressure  of  2000  lb.  per  sq,  in.  were  employed,  the  effec- 
tive pressure  on  the  reactant  solutions  would  have  been  10,000  lb.  per 
sq.  in. 

Reactor  H is  sufficiently  compact  to  be  conveniently  immersed  in 
a thermostatic  bath.  Four  reactant  ratios  were  obtainable  through  the 
use  of  a second  cylinder  block,  additional  fittings  and  pistons. 

Several  additional  mixing  plates  were  designed  that  allowed  the  mixing 
pattern  to  be  varied.  Only  the  ttTw  type  mixing  plate  that  was  designed 
according  to  the  principles  established  by  Roughton  and  Chance  was 
used,  however,  since  it  waa  only  for  this  arrangement  that  the 
efficiency  of  mixing  could  be  shown  to  be  adequate. 

The  piston  gaskets  of  Reactor  II  did  not  have  to  withstand  the 
pressure  of  the  driving  gas.  There  was  therefore  no  mechanism  whereby 
spuriously  high  values  of  the  transient  or  final  pressure  could  have 
been  obtained.  Difficulty  was  encountered,  however,  in  preventing 
leakage  of  the  product  gases  from  within  the  reactor.  This  difficulty 
was  aggravated  by  the  effect  of  the  corrosive  reactants  on  the  neo- 
prene piston  gaskets.  The  difficulty  was  overcome  when  a rather  close 
fitting  aluminum  gasket  was  used  in  combination  with  two  neoprene 
gaskets.  The  aluminum  prevented  the  bulk  of  the  reactant  solution 
from  contacting  the  neoprene  gaskets.  The  neoprene  was  further  pro- 
tected by  a coating  of  an  inert  fluorocarbon  grease.  The  neoprene 
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gaskets  rendered  the  reactor  pressure  tight.  Transient  pressures  up 
to  $0  atm.  and  steady  pressures  up  to  $ atm.  sere  contained  within  the 
reactor  without  leakage.  This  is  eridenced  by  the  reproducibility  of 
the  pressure  data  shown  in  Table  2J>  for  the  hydra sine,  nitric  acid 
reaction. 

Reactor  H was  designed  to  allow  'the  routine  measurement  of  the 
rate  of  injection.  The  method  employed  yielded  the  relative  time 
corresponding  to  a' number  of  positions  of  the  piston  system  with  respect 
to  a stationary  light  beam.  Studies  were  made  of  the  injection  of 
water  from  both  cylinders  of  the  reactor.  It  was  found  that  the  linear 
velocity  of  the  piston  descent  and  hence  the  Injection  rate  were  con- 
stant during  the  period  of  injection.  This  indicated  that  the  moving 
parts  of  the  reactor  accelerated  rapidly  to  the  equilibrium  velocity 
and  suggested  that  the  velocity  of  injection  was  determined  entirely 
by  the  resistance  to  the  flow  of  the  fluids.  Runs  made  with  very  tight 
fitting  gaskets  showed  essentially  the  same  injection  rate  as  those 
made  with  loose  fitting  ones.  It  was  thus  feasible  to  use  very  tight 
fitting  gaskets  and  thereby  reduce  the  tendency  toward  leakage.  In 
Reactor  I,  it  was  not  fsasibls  to  use  tight  gaskets  since  this  would 
have  increased  the  tendency  for  the  small  piston  to  delay. 

The  observed  injection  time  depended  upon  (1)  the  pressure  of  the 
driving  gas  applied  to  the  pneumatic  injector,  (2)  the  reactant  ratio 
employed,  (3)  the  dimensions  of  the  jet*  and  the  exit  tube  of  the  mixing 
plate,  and  (U)  the  stroke  length  employed.  4 stroke  of  seven-eighths 
inch  was  found  to  be  most  convenient  and  was  used  for  most  of  the  runs* 
The  most  rapid  injection  time  obtained  with  Reactor  II  wee  1.7  msec, 
for  the  injection  of  water.  This  run  was  obtained  with  a driving 


pressure  of  1900  lb.  per  sq.  In.  using  the  one  to  one  reactant  ratio. 

In  all,  2.2  cc.  of  eater  sere  injected  during  this  run,  1.1  cc.  from 
each  cylinder.  An  injection  tine  of  the  order  of  U.3  nsec,  was  observed 
for  the  four  to  one  reactant  ratio}  however,  3.6  cc.  of  water  in  all 
were  injected  during  these  runs. 

The  injection  rate  was  not  constant  for  the  injection  of  certain 
fuel- oxidant  mixtures.  The  first  part  of  the  reactants  were  injected 
at  a somewhat  slower  rate  than  that  noted  for  the  injection  of  water. 

The  injection  rate  then  decreased  to  about  one-half  to  one-third  of 
its  initial  value.  The  deceleration  of  the  injection  was  quite  sharp, 
i.e.,  both  the  initial  and  final  injection  rates  were  reasonably  con- 
stant. The  change  in  the  injection  rate  was  thought  due  to  the  thrust 
created  by  the  reaction  acting  on  the  injection  system.  The  phenomenon 
was  studied  particularly  with  reference  to  the  hydrasine,  nitric  acid 
reaction.  The  reactants  were  liquids  while . the  products  of  the  reac- 
tion were  primarily  gaseous.  The  conversion  of  liquids  into  gases  in 
a flowing  stream  corresponds  to  a tremendous  increase  of  the  linear 
flow  velocity,  k change  of  linear  flow  velocity  in  a stream  of  con- 
stant mass  flow  rate  corresponds  to  a change  of  momentum  which  is 
accompanied  by  a force  acting  in  opposition  to  the  momentum  change. 

The  force  created  by  the  reaction  would  be  equivalent  in  effect  to  a 
large  static  pressure  applied  to  the  outlet  of  the  exit  tube.  In 
order  to  slow  the  injection  rate  perceptibly,  this  back  pressure  would 
have  to  be  of  the  same  order  of  magnitude  as  the  driving  pressure. 

The  time  from  the  beginning  of  injection  to  the  change  of  the 
injection  rate  could  not  be  correlated  with  the  measured  ignition 
delay.  The  ignition  delay  for  all  ratios  of  the  hydrasine,  nitric 
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acid  reaction  was  found  to  be  between  0*0  and  0,9  msec*  referred  to 
the  start .of  the  pressure  rise.  The  tine  to  the  change  of  the  injection 
rate  as  shown  .in  Table  27  was  found  to  range  between  1.1  and  3*2  nsec. 

It  is  likely  that  the  reaction  required  this  additional  tine  after 
ignition  to  reach  a steady  state  in  the  exit  tube . Because  of  this 
slowing  of  the  injection  rate,  the  overall  injection  tine  was  substan- 
tially longer  than  the  values  obtained  for  the  water  injection*  Values 
from  U*3  msec*  for  the  one  to  one  reactant  ratio  to  9*2  msec,  for  the 
four  to  one  reactant  ratio  were  obtained. 

The  rate  of  injection  of  water  was  calculated  by  a fluid  mechanical 
method  and  shown  to  agree  to  within  18£  with  the  observed  results.  The 
rate  of  injection  of  the  nitric  acid,  hydrazine  system  was  also  calcu- 
lated* The  observed  initial  injection  rate  was  found  to  be  25  to  lOOJf 
slower  than  those  calculated.  It  was  believed,  however,  that  the  early 
reaction  of  the  two  reactants  may  have  slowed  the  initial  injection 
a one  what.  The  calculations  indicated  that  a pressure  drop  occurring  in 
the  pneumatic  injector  seriously  affected  the  injection  rate.  The 
pressure  acting  on  the  driving  piston  may  have  been  as  low  as  6o£  of  the 
pressure  actually  applied  to  the  pneumatic  injector.  This  situation 
could  have  been  corrected  by  designing  an  injector  with  a connecting 
duct  and  valve  mechanism  having  larger  inside  diameters.  The  calcula- 
tions and  the  observed  results  provide  the  designer  of  a future  rapid 
injection  system  with  important  design  information.  The  results  also 
indicate  that  injection  rates  substantially  faster  than  those  reported 
in  the  present  study  could  be  obtained.  The  two  most  significant 
design  factors  in  this  connection  are  the  ratio  of  the  area  of  the 
driving  piston  to  the  areas  of  the  small,  pistons  and  the  diameters 
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of  the  ducts  through  which  the  driving  gas  passes.  The  areas  of  the 
smaller  pistons,  however,  must  be  great  enough  to  bear  the  large  com- 
pressive stress  applied  to  them  by  the  driving  piston. 

The  empirical  equation  developed  by  Chance  for  the  expected  flow 
rates  through  "T"  type  mixers  was  found  to  agree  well  with  those 
obtained  with  Reactor  II.  The  equation,  however,  does  not  take  into 
consideration  a number  of  important  factors  so  that  the  agreement  was 
probably  fortuitous. 

The  time  required  to  contact  two  reactants  is  not  necessarily 
equal  to  the  time  necessary  to  mix  the  reactants.  The  mixing  pattern 
employed  5m  both  reactors  had  the  form  of  a "T".  The  reactants  each 
enter  one  leg  of  the  "T"j  the  two  pass  out  of  the  mixer  together 
through  the  third  leg,  referred  to  as  the  exit  tube.  Mixing  begins  to 
occur  at  the  point  of  contact  of  the  two  reactants  in  the  center  of  the 
"T".  As  the  solution  flows  down  the  exit  tube,  it  becomes  more  and  more 
thoroughly  mixed.  Houghton  and  Millikan  have  shown  that  the  point  at 
which  solutions  reach  the  point  of  97%  mixing  In  similar  nTn  type  mixers 
moved  toward  the  point  of  first  contact  as  the  flow  velocity  was  in- 
creased. The  work  of  Trowae*  has  been  cited  to  show  that  the  distance 
from  the  point  of  first  contact  to  the  point  of  97%  mixing  was  about 
6 mm.  for  a mixer  that  was  geometrically  similar  to  the  mixing  system 
used  in  Reactor  II.  The  linear  flow  velocity  referred  to  the  exit 
tube  for  the  measurements  made  by  Trowse  were  less,  than  1000  cm.  per 
sec.  The  linear  flow  velocity  referred  to  the  exLt  tribe  for  the  reac- 
tions studied  in  Reactor  II  was  of  the.  order  of  10,000  cm.  per  mo, 

*See  Table  h. 


Since  the  exit  tube  of  Heactor  II  ms  8 mm.  long,  it  was  likely  that  97% 
mixing  was  achieved  before  the  reactant  mixture  left  the  exit  tube  of 
the  reactor.  To  further  insure  the  efficiency  of  mixing  in  Heactor  H, 
the  reacting  stream  was  made  to  impinge  on  a baffle  plate  located  about 
2J>  mm.  from  the  outlet  of  the  exit  tube. 

The  measurements  made  by  Roughton  and  Millikan  and  those  made  by 
Troirae  employed  aqueous  solutions.  It  is  likely  that  mixtures  such  as 
sodium-potassium  alloy  and  water,  or  bydrasine  and  nitric  acid  would 
not  mix  as  readily  as  aqueous  solutions.  A direct  test  of  the 
efficiency  of  mixing  of  such  liquids,  however,  could  not  be  devised  in 
the  present  research.  The  best  experimental  evidence  for  the  mixing 
obtained  with  both  reactors  lies  in  the  results  of  the  studies  that 
were  made  of  the  reaction  of  sodium-potassium  alloy  with  water.  The 
pressure  rise  noted  for  this  reaction  reached  a maximum  in  a tine 
equal  to  that  required  for  injection  within  the  experimental  error  of 
the  measurements. 

The  principal  means  of  following  the  reactions  under  study  in  the 
reactors  was  the  measurement  of  the  transient  pressure.  The  Statham 
Gages  employed  for  the  transient  pressure  measurements  were  stated  to 
have  a natural  frequency  of  vibration  in  excess  of  2000  cycles  per 
second.  The  signal  from  the  strain  gages  was  caused  to  modulate  the 
amplitude  of  a 1000  to  1200  cycle  per  second  carrier  wave.  In  effect 
then,  a reading  of  the  transient  pressure  was  obtained  approximately 
every  msec,  by  measuring  the  amplitude  of  each  wave  of  the  resulting 
oscilloscope  pattern.  The  amplitude  of  the  oscilloscope  trace  was 
found  to  be  accurately  proportional  to  the  pressure  applied  to  the 
diaphragm  of  the  strain  gage  by  calibration  with  accurately  known 
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static  pressures.  More  frequent  pressure  readings  could  have  been 
obtained  by  using  a higher  carrier  wave  frequency.  In  view  of  the 
stated  natural  vibration  frequency  of  the  gages,  however,  it  is 
questionable  whether  the  gages  could  have  reproduced  accurately  pres- 
sure events  occurring  in  a period  of  less  than  a msec.  For  the 
measurement  of  more  rapid  pressure  variations,  gages  involving  piezo- 
electric crystals  are  indicated.  The  circuitry  associated  with  such 
gages  is  far  more  complex  than  that  employed  in  the  present  study. 

Such  gages  generally  do  not  have  a linear  response. 

The  response  of  a rapid  pressure  measuring  system  depends  not 
only  upon  the  gage  employed,  but  also  upon  the  geometry  of  the  cavity 
in  which  the  pressure  change  is  produced  and  the  connection  leading  to 
the  gage.  It  was  desired  to  record  the  pressure  changes  occurring  in 
the  interior  of  the  reactors.  The  most  direct  procedure  would  have 
been  to  place  the  diaphragm  of  the  strain  gage  as  close  as  possible  to 
the  interior  of  the  reactor.  If  this  had  been  done,  it  was  likely  that 
liquid  pellets  would  have  struck  the  diaphragm  during  injection  and 
given  rise  to  random  disturbances  in  the  pressure  record.  Noise  was 
observed  in  the  pressure  record  even  when  the  gage  was  located  same 
distance  from  the  reactor.  The  noise  could  not  be  attributed  to  any 
mechanical  or  electrical  defect  in  the  apparatus.  It  was  found  that 
the  noise  could  be  eliminated  by  placing  obstructions  in  the  piping 
leading  to  the  strain  gage.  This  observation  indicated  that  the  noise 
noted  in  the  oscilloscope  traces  corresponded  to  actual  variations  of 
the  pressure  in  the. reactor.  Similar  disturbances  of  audio  frequency 
were  noted  by  Lewis  and  von  ELbe^  during  a study  of  explosions  of 
hydrogen  and  oxygen.  They  observed  the  disturbances  only  for  certain 


of  the  explosive  mixtures  under  study.  They  thus  concluded  that  the 
rapid  pressure  variations  ware  a real  manifestation  of  the  reaction 
and  uere  not  instrumental  in  origin. 

It  was  found  that  much  of  the  noise  resulting  from  reaction  in 
Reactor  H could  be  eliminated  by  connecting  five  90°  pipe  elbows 
between  the  reactor  and  the  strain  gage  without  seriously  affecting 
the  response  of  the  transient  pressure  recording  system.  It  appeared 
that  the  noise  was  a function  of  the  injection  and  reaction  proceases 
and  of  the  cavity  in  which  they  occurred.  In  order  to  improve  the 
recording  speed,  it  would  seem  to  be  necessary  to  analyze  the  structure 
of  the  shock  waves  and  relate  them  in  some  way  to  the  extent  of  reaction. 
This  may  set  an  upper  limit  to  the  speed  with  which  chemical  reactions 
may  be  followed  by  measuring  their  pressure. 

A second  means  of  studying  the  reactions  carried  out  in  the  reac- 
tors was  the  measurement  of  the  intensity  of  the  light  emitted  by  the 
reactions.  Three  different  photoelectric  circuits  were  used  for  this 
purpose.  The  amplitude  of  the  traces  resulting  from  either  Photo- 
circuit I or  Photocircuit  II  were  a function  of  the  light  intensity. 

The  amplitude  of  traces  from  Photocircuit  I was  not  proportional  to 
the  light  intensity.  Photocircuit  I was  used  only  to  show  the  presence 
and  time  of  occurrence  of  the  light  emitted  during  the  study  of  the 
s odium- po ta s slum  alley  reactions.  The  amplitude  of  the  traces  from 
Photocircuit  II  was  shown  to  be  proportional  to  the  light  intensity 
by  a calibration  procedure.  The  traces  from  Photocircuit  III  show 
precisely  when  the  light  emission  from  a reaction  begins.  They  give 
no  information  regarding  the  intensity  of  the  light  or  the  time  at 
which  the  emission  ceases. 
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Several  types  of  measurements  were  carried  out  in  order  to  derive 
information  regarding  the  reactions  under  study.  The  different  types 
of  measurements  were  as  follows*  (1)  Simultaneous  measurement  of  the 
transient  pressure  and  the  intensity  of  light  emission  using  either 
Photocircuit  X or  Photocircuit  XI.  A typical  pair  of  traces  using 
Photocircuit  X is  shown  in  Tig.  3Uj  a typical  pair  of  traces  using 
Photocircuit  II  is  shown  in  Tig.  39*  Both  the  transient  pressure  traces 
and  the  light  emission  traces  had  an  identical  carrier  wave  frequency. 
Since  frequencies  of  the  order  of  1000  cycles  per  second  were  used,  the 
relative  timing  between  the  traces  was  no  better  than  about  0,5  msec. 

(2)  Simultaneous  measurement  of  the  transient  pressure  and  the  onset 
of  light  emission  using  Photocircuit  III.  A typical  pair  of  traces  are 
shown  in  Fig.  lUi.  The  photoelectric  trace  in  this  case  is  a single 
line  trace.  The  break  in  the  trace  indicating  the  onset  of  light 
emission  could  be  referred  to  the  pressure  trace  so  that  an  accuracy 
in  the  relative  timing  of  the  order  of  0.2  msec,  could  be  obtained. 

(3)  Simultaneous  measurement  of  transient  pressure  and  injection  rate 
using  Photocircuit  in.  A typical  pair  of  traces  are  shown  in  Fig.  1*2. 
The  relative  timing  between  the  traces  is  probably  accurate  to  0.2  msec, 
since  again  the  photoelectric  trace  was  a single  line. 

The  absolute  standard  of  time  was  the  frequency  of  the  60  cycle 
A C line.  The  line  frequency  was  shown  by  McKinney  to  be  very  accurate. 
The  pulse  generator  was  synchronised  with  the  A C line,  so  that  the 
blanking  pulses  on  the  traces  occurred  at  precisely  known  intervals. 

In  practice,  it  was  convenient  to  preset  the  carrier  Wave  frequency  to 
either  1080  cycles  or  1200  cycles  by  comparing  the  carrier  wave  signal 
to  the  60  cycle  signal  from  the  line.  This  was  accomplished  by 
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observing  the  Lissajouc  patterns  an  the  oscilloscope*  The  1080  cycle 
frequency  shows  18  cycles  for  every  cycle  of  the  line  voltage  while 
the  1200  cycle  frequency  shows  20  cycles;  The  setting  could  lie  checked 
on  the  resulting  trace  by  counting  the  number  of  cycles  of  the  carrier 
wave  between  each  blanking  pulse. 

The  data  for  the  ignition  delay  of  the  fuel-oxidant  systems  that 
were  studied  are  summarised  in  Table  39  and  Table  U0»  The  ignition 
delay  referred  to  the  pressure  rise  is  given  in  Table  39*  The  data 
shown  in  the  table  were  obtained  from  simultaneous  measurements  of  the 
injection  rate  and  the  transient  pressure.  The  observed  time  from  the 
beginning  of  injection  to  the  beginning  of  the  pressure  rise  was  cor- 
rected for  the  time  (1*3  msec.)  required. for  the  first  pressure  pulse 
to  travel  to  the  diaphragm  of  the  strain  gage.  For  each  system,  at 
least  one  simultaneous  measurement  of  the  transient  pressure  and  light 
emission  was  made  to  verify  the  fact  that  the  onset  of  light  emission 
and  the  beginning  of  the  pressure  rise  occurred  simultaneously  within 
the  experimental  error  cf  the  measurement.  The  total  range  of  the 
observed  values  for  the  Ignition  delay  are  given  in  the  fourth  column 
of  Table  39.  Only  the  reaction  of  l.U>  moles  of  hydrogen  peroad.de  with 
one  mole  of  hydrazine  did  not  show  a delay  reproducible  to  within  one 
msec.  The  accuracy  of  the  measurements  was  probably  no  better  than 
one  msec. 

The  data  obtained  for  the  ignition  delay  in  the  reaction  of  equal 
volumes  of  nitric  acid  with  hydrazine,  liquid  ammonia  mixtures  are 
shown  in  Table  UO.  The  ignition  delay  referred  to  light  emission  is 
given,  since  no  injection  rate  measurements  could  be  made  when  the 
reactor  was  located  in  the  lew  temperature  bath.  The  observed  time 
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from  the  beginning  of  the  tine  base  (the  closing  of  the  contacts  in 
the  pneumatic  injector)  to  the  onset  of  light  emission  mas  corrected 
for  the  average  time  (1*2  msec.)  between  the  beginning  of  the  time  base 
and  the  beginning  of  injection.  It  will  be  recalled  that  this  time 
varied  between  1.0  and  1.5  msec,  for  injection  rate  measurements  of 
other  systems.  The  mixture  containing  2.7$  hydrazine  ignited  only  in 
one  run.  In  two  others s no  ignition  was  observed. 

Table  39.  Results  of  Ignition  Delay  Studies  of  Fuel- Oxidant 
Systems 


Fuel 

Oxidant 

Reactant  ratio, 
. moles  oxidant 
par  mole  fuel 

Ignition  delay, 
referred  to  the 
pressure  rise, 
in  msec. 

*2% 

HN03 

0.352  to  2.87 

0.0  - 0.9 

c6%hh2 

HHO3 

8.18 

1.2  - 2.3 

H2O2 

1.15 

0.1  - 2.2* 

H2H1* 

H2°2 

2.1*6 

1.3  - 1.7 

Ignition  delay  not  reproducible. 

The  longest  ignition  delay  that  was  observed  for  any  of  the  reac- 
tions studied  in  the  present  research  was  2.9  msec.  These  values  are 
much  lower  than  those  observed  for  similar  systems  by  other  investi- 
gators. The  most  striking  example  is  found  for  the  system  aniline  vs. 
nitric  acid.  Gunn  observed  a delay  of  1*10  msec,  for  this  system  in 

the  refined  open- cup  apparatus.  A delay  of  1.2  to  2.3  msec,  was  found 

22 

for  this  system  in  the  present  study.  The  Kellogg  Co.  found  a delay 
of  5 msec,  for  the  reaction  of  96$  hydrasine  with  96$  nitilc  acid  in 
the  small  rocket  motor.  A delay  of  0.0  to  0.9  msec,  was  observed  for 
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the  reaction  of  the  anhydrous  reactants  in  the  present  study*  The 
Kellogg  Co.  also  found  delays  ranging  up  to  37  msec*  for  the  reaction 
of  red  fusing  nitric  acid  with  a mixture  of  ammonia  and  bydrasine 
containing  5„0(j£  hydrazine*  They  observed  a long  delay  in  the  reaction' 
of  white  fuming  nitric  acid  with  a mixture  of  ammonia  and  bydrasine 
containing  2.25?  hydrazine.  The  results  obtained  in  the  present  study 
for  the  reaction  of  nitric  acid  with  ammonia,  hydrazine  mixtures 
shewed  an  ignition  delay  of  2*9  msec,  for  a mixture  containing  only 
2.75?  hydrazine*  The  2.75?  mixture,  however,  did  not  ignite  at  all  in 
two  cases* 


Table  40.  Results  of  the  Ignition  Belay  Studies  of  the 
Reaction  of  Equal  Volumes  of  Nitric  Acid  with 
fydrazine.  Liquid  Ammonia  Mixtures 


Fuel  mixture. 

Ignition  delay 

weight  per  cent 

Temperature 

referred  to  light 

hydrazine 

range,  in  °C 

emission,  in  msec. 

100 

22  to  30 

1.0 

9.0 

-33  to  -35 

1.0  - 1.4 

2.7 

-38  to  -la 

2.9* 

*Result  of  one  run,  no  ignition  occurred  in  two  other  runs. 

The  short  delays  observed  for  the  fuel- oxidant  reactions  studied 
in  Reactor  II  are  probably  a result  of  two  factors:  (1)  the  mixing 

process  did  not  cause  a significant  delay,  and  (2)  the  turbulent 
nature  of  the  mixing  process  added  impact  energy  to  the  explosive 
mixture.  Mo  previous  investigation  has  been  made  of  the  phenomena 
of  the  self-ignition  of  fuel-oxidant  systems  under  conditions  where 
the  efficiency  and  time  of  mixing  has  been  so  clearly  demonstrated. 
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( It  is  act  likely,  however,  that  the  very  rapid  ignitions  can  be  attrib- 

uted to  the  improved  mixing  alone. 

An  unignited  mixture  of  a fuel  and  oxidant  such  as  hydrazine  and 
nitric  acid  can  be  likened  to  & liquid  explosive  such  as  nitroglycerine. 

nitroglycerine  can  be  ignited  by  ^Impact  alone.  Bowden,  et  al.  have 

li2 

studied  the  ignition  of  nitroglycerine  by  impact.  They  found  that 
thin  sheets  of  the  material  on  an  anvil  would  not  ignite  even  under 
the  influence  of  a rather  strong  banner  blow  unlesp  gas  bubbles  were 
present  in  the  liquid.  The  authors  concluded  that  the  high  tempera- 
tures produced  by  the  adiabatic  compression  of  the  bubbles  were 
responsible  for  the  ignition.  It  was  possible  to  estimate  crudely  the 

minimum  ignition  energy  required  to  ignite  the  material  by  estimating, 

hi  8 

the  size  of  the  bubbles  and  the  compression  ratio.  A value  of  10 
calories  was  obtained.  This  value  is  of  the  order  of  magnitude  of  the 
minimum  ignition  energy  of  gaseous  mixtures  found  by  more  precise 
methods  involving  spark  ignition.^1  It  is  thus  reasonable  to  suppose 
that  the  impact  arid  turbulence  associated  with  the  mixing  process  in 
Reactor  U could  have  resulted  in  immediate  or  nearly  immediate 
ignition. 

This  conclusion  also  results  from  the  failure  to  observe  a 
systematic  increase  of  the  ignition  delay  as  the  hydrazine  concen- 
tration was  decreased  in  the  hydrazine,  ammonia  mixtures.  The  ignition 
delay  increased  to  only  2.9  msec,  for  the  mixture  containing  2*1% 
hydrazine.  The  runs  made  of  this  mixture  that  failed  to  ignite  indi- 
cated that  the  impact  energy  was  just  insufficient  to  ignite  this 
mixture.  Instead  of  observing  a longer  and  longer  delay  as  the 
' hydrazine  concentration  or  the  temperature  was  decreased,  a point  was 


reached  where  the  mixture  simply  failed  to  ignite.  Such  behavior  is 
more  indicative  of  ignition  by  mechanical  shock  than  it  is  of  thermally 
initiated  ignition  showing  an  induction  period  due  to  the  rate  of  a 
cheraioal  reaction. 

A study  of  the  ignition  delay  of  gaseous  mixtures  of  hydro- 
carbons and  oxygen  was  made  by  Jost  and  Teichmann^  by  a rapid  com- 
pression method.  They  obtained  a straight  line  when  the  logarithm  of 
the  ignition  delay  was  plotted  against  the  reciprocal  of  the  reaction 
temperature.  The  plot  was  linear  from  delay  values  of  a few  msec,  to 
over  five  seconds.  The  fact  that  the  data  could  be  represented  by  an 
Arrhenius  equation  indicates  that  the  delay  determining  factor  was  due 
to  the  rate  of  a chemical  reaction.  The  experimental  results  obtained 
in  the  present  study  show,  nevertheless,  that  fuel-oxidant  systems 
previously  thought  to  have  long  ignition  delays  will  ignite  in  a very 
short  time  under  violent  mixing  conditions. 

The  results  reported  by  McKinney  for  the  reaction  of  sodium- 
potassium  alloy  with  water  in  Reactor  I were  explained  as  a result  of 
the  studies  made  during  the  present  research.  It  was  found  that  the 
reaction  produced  hydrogen  at  a rate  equal  to  the  Injection  rate  of 
the  reactor.  The  first  large  pressure  maximum  was  a result  of  local 
heating  due  to  a delay  in  descent  of  the  small  piston.  The  second 
large  maximum  was  the  result  of  an  explosion  between  the  hydrogen 
produced  by  the  reaction  and  the  oxygen  present  initially  in  the 
reactor  atmosphere.  The  explosion  was  delayed  about  80  msec,  with 
respect  to  the  beginning  of  injection.  The  delay  was  decreased  to 
about  Uo  msec,  when  the  oxygen  content  of  the  reactor  atmosphere  was 
decreased  to  $ or  10$.  The  explosion  was  prevented  entirely  when  the 


oxygen  content  of  the  atmosphere  was  reduced  to  £ or  lOjH  and  When  a 
small  amount  of  acetaldehyde  was  added  to  the  water.  The  acetaldehyde 
presumably  removed  the  dissolved  oxygen  from  the  water. 

The  reaction  of  sodium- potassium  alloy  with  an  excess  of  10  U K.OH 
solution  also  produced  hydrogen  just  as  rapidly  as  the  solutions  could, 
be  mixed.  The  ignition  delay  of  the  hydrogen,  oxygen  reaction  with 
normal  air  in  the  reactor  was  found  to  be  lih  msec.  When  the  oxygen 
content  of  the  reactor  atmosphere  was  reduced  to  5 or  1056,  the  delay 
decreased  to  22  msec. 

The  long  delays  obtained  in  Reactor  I for  the  ignition  of  the 
hydrogen,  oxygen  mixture  indicated  that  the  reaction  was  initiated  by 
chain  carriers  produced  in  the  reaction  of  the  alloy  with  water.  The 
very  low  pressure  overswing  noted  for  the  production  of  hydrogen  in 
some  of  the  runs  shown  in  Table  20  indicated  that  the  temperature  did 
not  rise  high  enough  to  cause  thermal  ignition  of  the  hydrogen,  oxygen 
reaction.  It  is  also  unlikely  that  the  turbulence  of  the  mixing  pro- 
cess was  responsible  for  the  ignition  since  it  is  well  known  that 
flame  will  result  when  sodium  is  brought  into  contact  with  water  under 
less  violent  conditions.  The  long  delay  also  indicates  that  this 
mechanism  was  not  responsible  for  the  ignition.  The  actual  chain 
carriers  liberated  by  the  initial  reaction  cannot  be  stated  with 
certainty.  A possible  initiating  reaction  is  expressed  in  Eq.  25>s 

(2$)  ¥ + HgO  — > MOH  + H* 

The  hydrogen,  oxygen  reaction  has  been  initiated  at  room  temperature 
by  introducing  hydrogen  atoms  from  a discharge  tube.^  The  signifi- 
cance of  the  ignition'  delay  is  uncertain  because  of  the  uncertainty 
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associated  with  the  process  whereby  the  hydrogen  produced  by  the  alley 
reaction  nixed  with  the  oxygen  already  in  the  reactor. 

The  data  obtained  for  the  alloy,  water  reaction  in  Reactor  II 
indicates  that  there  was  no  ignition  delay  for  the  hydrogen,  oxygen 
explosion.  The  heat  produced  by  the  reaction  of  more  nearly  equal 
quantities  of  reactants  may  have  been  sufficient  to  cause  thermal 
ignition  of  the  hydrogen,  oxygen  reaction.  The  reaction  of  the  alley 
with  ethanol  in  Reactor  II  also  gave  rise  to  a powerful  explosion. 

The  ignition  was  delayed  between  1.8  and  ‘>•5  msec.  It  is  likely  that 
the  explosion  was  initiated  by  chain  carriers  produced  in  the  reaction 
of  the  alloy  with  ethanol.  It  is  possible,  however,  that  temperatures 
were  produced  that  were  high  enough  to  cause  thermal  ignition.  The 
alloy,  ethanol  reaction  carried  out  in  the  absence  of  oxygen  showed  a 
slow,  pressure  increasing  reaction  that  was  not  completed  for  about 
an  hour.  The  alloy  was  in  excess  so  that  the  slow,  pressure  increasing 
reaction  probably  involved  a further  attack  of  the  alley  upon  the 
alkali  ethoxLde. 

The  analysis  of  the  products  of  the  reaction  of  hydrazine  with 
nitric  acid  provides  some  information  regarding  the  reactions  involved. 
The  reaction  is  highly  exothermic.  The  adiabatic  flame  temperature 
for  two  reactant  ratios  are  calculated  in  Appendix  17.  The  calcula- 
tions are  based  upon  the  assumption  that  the  reaction  occurs  adiabat- 
ic ally,  i.e.,  all  of  the  heat  of  reaction  is  used  to  heat  up  the 
products  of  the  reaction.  The  calculation  gives  the  equilibrium 
composition  of  the  products  at  the  calculated  flame  temperature  as 
well  as  the  equilibrium  pressure  that  would  be  attained  in  Reactor  II. 
The  calculated  results  for  the  reaction  of  one  and  one-half  volumes 
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of  nitric  acid  with  one  volume  of  bydraxine  (26.0  millimoles  HNO^  and 
23*2  millimoles  NgH^)  are  given  in  Table  1(1. 

The  one  and  one-half  to  one  volume  ratio  is  close  to  the  stoichio- 
metric ratio  expressed  in  Eq.  21.  The  average  maximum  pressure  observed 
in  the  reactor  for  this  reactant  ratio  was  31*7  atm.  This  is  to  he 
compared  to  the  calculated  equilibrium  value  of  86.1*  atm.  The  discrep- 
ancy indicates  that  two  factors  are  operative  that  prevent  the  reaction 
from  reaching  an  equilibrium  conditions  (1)  the  reaction  is  quenched 
through  contact  with  metal  parts  of  the  reactor  which  were  originally 
at  room  temperature,  and  (2)  the  products  of  the  reaction  of  the  material 
first  injected  into  the  reactor  lose  a large  amount  of  heat  to  the 
reactor  parts  before  the  injection  is  completed.  The  observed  products 
of  the  reaction  for  the  one  and  one-half  to  one  ratio  are  given  in 


Table  1*1.  Equilibrium  Composition  of  the  Products  of  the 
Reaction  of  26.0  millimoles  HNO-  and  23.2 
millimoles  in  a Volume  of  J339  cc.-* 


Component 

Partial  pressure 
in  reactor, 
in  atm. 

Millimoles 

Adiabatic  flame 
temperature 

Ho 

32.93 

1*5.81 

2977 °K 

h:o 

1*0.81* 

56.81 

o| 

7.50 

10.U3 

OH 

2.28 

3.17 

NO 

1.81* 

2.56 

% 

0.61* 

O.89 

0 

0.30 

0.1*2 

H 

0.11 

0.15 

*>2 

0.01 

0.01 

Total 

86.i*l* 

*0ne  atmosphere  of  air  was  included  in  the  calculation. 
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Table  31*  The  total  quantity  of  the  oxides  of  nitrogen  remaining  in 
the  reactor  including  the  residual  nitric  acid  involved  7.6  ailli atoms 
of  X.  The  maximum  quantity  of  NO  to  be  expected  from  the  thermo- 
dynamic calculation  involved  only  2.6  milliatoms  N.  It  is  thermo- 
dynamically impossible  for  any  more  NO  or  other  nitrogen  oxide  to 
have  been  formed  during  the  cooling  process , since  they  become  less 
stable  with  respect  to  the  elements  as  the  temperature  is  decreased. 

It  mas  thus  concluded  that  the  reaction  itself  was  quenched  before 
equilibrium  could  be  reached. 

One  can  make  a fairly  accurate  prediction  of  the  expected  final 
composition  of  the  products  at  room  temperature  assuming  that  the 
equilibrium  composition  was  obtained  at  the  high  temperature.  The  NO 
existing  at  the  high  temperature  would  be  converted  to  N02  as  the 
mixture  cooled.  The  NOg  would  then  react  with  sane  of  the  Og  and  HgO 
to  form  HNO^  according  to  Eq.  22.  The  radicals  would,  however,  recom- 
bine to  form  Hg,  Og,  Hg  and  HgO.  The  hydrogen  would  very  likely  be 
converted  to  water  in  the  presence  of  the  excess  oxygen.  This  would 
still  leave  some  free  Og  in  the  mixture,  however,  none  was  observed. 
Even  a trace  of  oxygen  would  have  been  found  by  the  mass  spectrometer 
analysis.  It  appears  that  the  quantity  of  NO  and  NOg  formed  in  the 
reaction  was  sufficient  to  tie  up  all  of  the  oxygen.  The  quantity  of 
N2  found  in  the  reaction  mixture  was  high  enough  so  that  it  was 
unlikely  that  the  N2  cane  entirely  from  the  hydraaine.  The  large 
quantity  of  nitrogen  oaides  found  indicates  that  the  nitric  acid  was 
not  converted  directly  into  nitrogen  but  that  nitrogen  oxides  were 
formed  as  intermediate  a..  The  nitrogen  oxides  were  then  thermally 
decomposed  into  the  elements  at  a slower  rate. 


The  analysis  of  th®  product®  of  the  r® action  in  excess  hydrazine 

(shown  in  Table  33)  showed  th®  pretence  of  substantial  quantities  of 

ammonia.  The  amount  of  Kg  found  was  high  enough  so  that  the  nitrogen 

originally  contained  in  the  hydrazine  and  that  originally  in  the  nitric 

acid  must  have  contributed  to  the  nitrogen  found  as  Mg.  The  ammonia 

probably  resulted  from  the  thermal  decomposition  of  the  excess  hydra- 

18 

sine  present  in  the  reaction  mixture.  Murray  and  Kail  found  that 
the  stoichiometry  of  hydrasine  decomposition  flames  could  be  expressed 
by  Eq,  26: 

(26)  2 NgH^  » K2  + H2  + 2 HK3 

The  fact  that  so  much  ammonia  was  found  in  the  reaction  products  in  the 
hydrasine  excess  case  and  that  none  was  found  in  the  acid  excess  runs 
indicates  that  ammonia  is  not  an  intermediate  in  the  oxidation  of 
hydrasine  by  nitric  acid.  The  low  rate  of  the  homogeneous  decomposi- 
tion of  ammonia  has  been  pointed  out  in  a previous  chapter.  It  was  shown 
that  ammonia  often  persisted  in  high  temperature  reactions  even  though 
ammonia  is  unstable  with  respect  to  the  elements  at  temperatures  of. the 
order  of  1$00°K  or  higher.  Slight  traces  of  NO  and  NgO  were  also  found 
in  the  reaction  mixture  for  the  hydrasine  excess  reaction  again  indi- 
cating that  oxide 8 of  nitrogen  are  intermediates  in. the  reduction  of 
the  acid. 

The  hydrogen  found  in  the  reaction  of  equal  volumes  of  the  reac- 
tants (Table  32)  and  in  the  reaction  of  two  volumes  of  hydrasine  with 
one  volume  of  acid  probably  resulted  from  the  thermal  decomposition 
of  the  excess  hydrasine  and  from  the  decomposition  of  some  of  the 
ammonia  also  formed  by  the  decomposition  of  the  excess  hydrazine. 


The  adiabatic  flame  temperature  for  the  reaction  of  four  volumes 
of  nitric  acid  with  one  volume  of  hydra  sine  was  calculated  since  this 
ratio  would  have  the  lowest  adiabatic  flame  temperature  of  any  of  the 
reactant  ratios  studied.  The  results  are  shown  in  Table  1*2. 


Table  1*2.  Equilibrium  Composition  of  the  Products  of  the 
Reaction  of  23.2  millimoles  ^ydraxine  with  66.7 
millimole a of  Nitric  Acid  in  a Volume  of  339  cc. 


Component 

Partial  pressure 
in  reactor, 
in  atm. 

Millimoles 

Adiabatic  flame 
temperature 

N2 

30.13 

66.98 

185>9°K 

al° 

3f>.8f> 

79.71 

°2 

28.12 

62.52 

NO 

0.38 

0.81* 

OH 

0.0$ 

0.11 

“a 

0.02 

o.ol* 

Total 

9l*.5$ 

The  average  value  of  the  maximum  pressure  observed  for  this  ratio 

was  23.U  atm.  Again  it  is  apparent  that  the  reaction  did  not  reach 
equilibrium.  The  quantity  of  nitrogen  oxides  that  could  be  obtained 
by  cooling  a mixture  of  the  composition  shown  in  Table  1*2  would  be 
very  small.  Very  large  quantities  of  NOg  were  found  in  the  analysis 
of  the  products  shown  in  Table  30.  The  quantity  of  nitrogen  found  as 
Ng  was  somewhat  less  than  the  amount  contained  in  the  original  hydra- 
sine.  It  is  likely  that  the  nitrogen  came  entirely  from  the  hydrazine. 
The  nitrogen  originating  in  the  acid  formed  nitrogen  oxides.  The  lower 
reaction  temperature  and  the  rapid  quenching  of  the  reaction  was  such 
that  very  little  of  the  oxides  were  decomposed  into  the  elements. 
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Much  of  the  NOg  probably  resulted  from  the  thermal  decomposition  of 
the  excess  nitric  acid  into  water,  oxygen  and  nitrogen  dioxide. 

If  the  entire  quantity  of  reaotants  could  have  been  contacted  in 
such  a way  as  to  avoid  energy  transfer  to  the  reactor  parts,  the  calcu- 
lated compositions  would  have  been  obtained.  The  reactions  studied  in 
the  reactor  were  clearly  stopped  short  of  completion*  The  long  duratim 
of  light  emission  observed  for  many  of  the  reactant  ratios  indicates 
that  reaction  was  not  stopped  the  moment  that  the  mixture  contacted  the 
reactor  walls.  The  very  low  maximum  pressure,  however,  shows  that  a 
large  fraction  of  the  energy  must  have  been  removed  from  the  mixture 
during  the  first  few  msec,  of  reaction.  The  compounds  such  as  ammonia 
and  the  nitrogen  oxides  that  were  found  in  the  products  were  thus 
stabilized  by  energy  loss  to  the  reactor. 

The  effect  of  a non-reproducible  ignition  delay  upon  the  maximum 
pressure  is  shown  in  Table  35  for  the  reaction  of  equal  volumes  of 
hydrogen  peroxide  and  hydrazine.  It  was  shown  that  in  one  run  ignition 
did  not  occur  until  after  injection  was  completed.  The  maximum  pres- 
sure was  much  higher  than  that  observed  for  the  runs  in  which  a shorter 
delay  occurred.  This  observation  shows  that  less  energy  was  lost  to 
the  reactor  when  the  reaction  rate  was  not  limited  by  the  injection 
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CHAPTER  YII 
COHCLUSIOHS 


1.  A constant  volume  reactor.  Reactor  II,  was  designed  to  rapidly 
contact  and  mix  tiro  liquid  reactants  in  a volume  ratio  ranging  from 

U t 1 to  1 t 1.  The  reactor  employed  a mixing  pattern  designed  accord- 
ing to  the  principles  set  forth  by  Houghton  and  Chance. 

2.  The  reactor  was  easily  adapted  to  a change  of  the  mixing 
pattern  and  could  be  immersed  in  a thermostatic  bath.  Satisfactory 
operation  was  obtained  at  temperatures  as  low  as  -Uo°C. 

3.  A photoelectric  method  was  devised  to  follow  the  course  of 
the  injection.  The  injection  of  2.2  cc.  of  water  was  achieved  in 
1.7  msec.  A somewhat  longer  time  was  required  for  the  injection  of 
reacting  fuel- oxidant  systems  because  of  the  thrust  created  by  the 
reaction  process. 

lw  A fluid  mechanical  calculation  of  the  injection  rate  was 
shown  to  agree  with  the  observed  rate  of  water  injection.  The  calcu- 
lation and  the  observed  results  provide  information  for  the  designer 
of  a future  rapid  injection  system  and  indicate  that  still  more  rapid 
rates  can  be  obtained. 

5.  Reactions  were  studied  in  the  reactor  by  following  the 
transient  pressure  and  the  light  emission.  The  transient  pressure 
measuring  system  of  McKinney  was  found  to  be  very  suitable.  Several 
original  photoelectric  circuits  were  devised  to  follow  the  light 
emission. 

6.  Periodic  vibrations  of  the  transient  pressure  were  found  to 
occur  during  the  early  stages  of  the  reactions  under  study.  It  was 
necessary  to  attenuate  these  vibrations  in  order  to  secure 
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Interpretable  records  of  the  transient  pressure.  It  was  suggested 
that  this  phenomenon  night  set  an  upper  limit  to  the  speed  with  which 
chemical  reactions  may  be  followed  by  measuring  their  pressure, 

7.  The  rate  of  mixing  in  the  apparatus  was  shewn  to  be  very 
rapid  by  reference  to  measurements  made  by  other  investigators  who 
employed  geometrically  similar  mixing  patterns.  The  hydrogen  evolu- 
tion in  the  reaction  of  3 odium- potassium  alloy  with  water  was  shown 
to  be  completed  simultaneously  with  the  completion  of  injection,  indi- 
cating that  the  mixing  was  also  completed  during  the  injection  period, 

8.  The  taro  pressure  maxima  reported  by  McKinney  for  the  reaction 
of  sodium-potassium  alloy  with  excess  water  were  explained.  It  was 
shown  that  the  first  maximum  was  a result  of  local  heating  due  to  the 
uneven  descent  of  the  two  pistons  (Reactor  I) . The  Second  maximum  was 
found  to  be  a delayed  explosion  of  the  hydrogen  produced  by  the  reac- 
tion with  the  oxygen  present  originally  in  the  reactor  atmosphere. 

The  explosion  was  delayed  up  to  86  msec.  It  was  likely  that  the 
explosion  was  initiated  by  chain  carriers  produced  in  the  alloy,  water 
reaction. 

9.  The  reaction,  of  equal  quantities  of  sodium-potassium  alley 
and  water  was  found  to  be  completed  in  a time  equal  to  the  mixing  time 
of  Reactor  II.  Ignition  was  found  to  occur  between  the  hydrogen  pro- 
duced by  the  reaction  and  the  oxygen  present  in  the  reactor  atmosphere 
without  a measurable  delay. 

10.,  The  reaction  of  equal  quantities  of  sodium- potassium  alloy 
with  ethanol  was  also  found  to  initiate  the  hydrogen,  oxygen  reaction. 
An  ignition  delay  of  up  to  $ msec,  was  observed, 

11.  The  ignition  delay  for  certain  reactant  ratios  of  several 


fuel-oxidant  systems  were  measured  and  found  to  be  less  than  3 msec* 
in  every  case.  The  systems  included: 

A*  fydrasine  vs*  nitric  acid 
B*  Aniline  vs,  nitric  acid 

C.  Hydrazine  vs.  hydrogen  peroxide 

D.  Hydrazine,  liquid  ammonia  mixtures  vs.  nitric  acid 
The  delays  mere  significantly  lower  than  those  observed  by  the  other 
investigators  who  employed  mixing  methods  where  the  efficiency  of  mix- 
ing was  most  uncertain. 

12.  The  very  short  ignition  delays  were  attributed  to  (1)  the 
rapid  rate  of  mixing  in  the  apparatus  and  (2)  the  impact  and  turbulence 
associated  with  the  mixing  process. 

13.  There  was  a negligible  effect  of  the  reaction  temperature  or 
of  the  hydrazine  concentration  on  the  ignition  delay  of  the  reaction 
of  nitric  acid  with  liquid  ammonia,  hydraaine  mixtures.  This  result 
was  more  indicative  of  ignition  by  impact  than  it  was  of  ignition 
controlled  by  the  rate  of  a homogeneous  chemical  reaction. 

lli.  The  adiabatic  flame  temperature  and  the  equilibrium  composi- 
tion of  the  products  of  the  reaction  of  hydrazine  with  nitric  acid 
were  calculated.  The  adiabatic  flame  temperature  for  an  acid  rich 
mixture  was  calculated  to  be  l8$90Kj  the  temperature  for  a near 
stoichiometric  mixture  was  found  to  be  2977  °K. 

1$.  An  analysis  was  made  of  the  products  of  the  reaction  of 
four  different  ratios  of  the  hydrazine,  nitric  aoid  reaction*  The 
products  and  the  observed  explosion  pressures  indicated  that  the 
reaction  was  quenched  by  energy  loss  to  the  metal  parts  of  the  reactor 
before  equilibrium  was  reached.  The  products  of  the  reaction  indicated 
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that  the  nitric  acid  wa«  first  reduced  to  intermediate  nitrogen  oxides. 
The  oxidation  of  the  hydrazine  did  not  appear  to  prooeed  through 
aanonla  as  an  intermediate,  although  sane  ammonia  was  formed  in  the 
hydras ine  rich  mixtures  presumably-  as  a result  of  the  thermal  decom- 
position of  the  excess  hydrasine . 


APPENDIX  I 

FLUID  DXHAMIC  AKAUSIS  07  REACTOR  U 


The  following  is  an  attempt  to  predict  the  injection  rates  obtain- 
able with  Reactor  II,  The  formulae  to  be  used  are  empirical  relations 
found  in  standard  engineering  treatises. ^ 3h,3$  fluid  mechanical 

System  is  shown  schematically  in  Fig,  1,  One  of  the  fluids  to  be  mixed 
is  originally  contained  in  the  cylinder  below  the  large  piston  and  the 
other  in  the  cylinder  below  the  small  piston.  Each  fluid  flows  from 
the  cylinder  through  a lead  tube  into  a jet  and  finally  into  the  exit 
tube  where  mixing  occurs.  The  mixed  solution  then  flows  into  the 
interior  of  the  reactor. 

It  must  be  assumed  that  the  flow  is  steady,  i.e.,  the  equilibrium 

flow  Telocity  is  attained  almost  Instantaneously  and  remains  constant 

throughout  injection.  The  How  in  all  ducts  must  be  turbulent,  i.e., 

the  Reynolds  number  is  greater  than  2100.  The  frictional  losses  at 

each  point  in  the  flowing  fluid  will  be  estimated  separately.  The 

following  is  a list  of  symbols  to  be  used  in  conjunction  with  Fig.  1. 

All  pressure  terms  are  in  lb.  per  sq.  in.,  all  area  terms  are  in  sq. 

cm.,  all  density  terms  are  in  gm.  per  cc.,  and  all  linear  flow 

Telocity  terms  are  in  cm.  per  sec.: 

P - pressure  of  driving  gas 

P-L  ■ pressure  of  fluid  in  large  cylinder 

> pressure  of  fluid  in  email  cylinder 
p£  - pressure  of  fluid  in  the  exit  tube 

Ajj  ■ area  of  driving  gas  cylinder 
A1  « area  of  large  reactant  cylinder 

a!  ■ area  of  small  reactant  cylinder 
a£  « area  of  lead  tubes 

Ao  • area  of  jets 
a area  of  exit  tube 
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A?  ■-  ares  of  exit  tube  occupied  by-  fluid  originally  contained 
i in  the  large  cylinder 

A?  • area  of  exit  tube  occupied  by  fluid  originally  contained 
u in  the  small  cylinder 

P m density  of  fluid  originally  contained  in  large  cylinder 

/»*  - density  of  fluid  originally  contained  in  small  cylinder 

u^  - linear  flow  velocity  of  fluid  in  either  cylinder 
u.  ■ linear  flow  velocity  of  fluid  in  lead  tube 

u*  • linear  flow  velocity  of  fluid  in  jet 

u£  - linear  flow  velocity  of  the  mixed  solution  in  the  exit  tube 

The  force  applied  to  the  driving  piston  by  the  driving  gas  is  the 
product  of  the  pressure  of  the  driving  gas  times  the  area  of  the  driving 
piston*  This  force  is  transmitted  to  the  two  smaller  pistons*  If  F-^  is 
the  force  transmitted  to  the  larger  of  the  two  pistons  and  F-[  the  force 
transmitted  to  the  smaller  one,  then  the  total  force  is 

(1)  Plj,  - 

If  we  let  r ■ F^/(F1  + F^),  the  pressure  of  the  fluid  in  the  cylinders 

is 

(2)  P1  - F-j/A!  - (1  - r)(AD/Ax)  P 

(3)  pi  - Pi/*!  - r <y*i)  P 

The  flow  of  the  fluids  originally  contained  in  each  cylinder  will  be 
treated  separately.  It  will  be  assumed  that  each  fluid  occupies  a 
separate  portion  of  the  exit  tube  in  such  a way  that  the  linear  flow 
velocity  of  the  fluids  are  equal  and  equal  to  that  of  the  mixed  solu- 
tion. If  Aj^  is  the  actual  area  of  the  exit  tube  and  a£  is  that 
portion  of  it  occupied  by  the  fluid  originally  contained  in  the  large 
cylinder,  then 


V 


and  similarly  for  a£  the  area  occupied  by  the  fluid  originally  con- 
tained  in  the  snail  cylinder 


A-i  + A-i 


Let  us  first  treat  the  flow  of  the  fluid  from  the  large  cylinder* 
This  fluid  is  under  a pressure  given  by  Eq.  2 and  is  contained  in  a 
duct  having  an  area  A-j_.  It  is  flowing  at  a linear  velocity  which 
is  necessarily  equal  to  the  rate  of  descent  of  the  piston  system*  It 
has  a density  p.  Eventually  the  fluid  reaches  the  exit  tube.  Here 
it  is  under  a lower  pressure  P^,  it  has  a linear  velocity  u^  and  it  is 
contained  in  an  area  given  by  Eq.  U.  Its  density  will  be  assumed  to 
he  the  same  as  it  was  originally.  The  mechanical  energy  balance  be- 
tween  these  two  flow  cross-sections  is 


where  Q - 68,91*7  dynes  per  eq.  cm.  / lb.  per  sq.  in. 

EF  - sum  of  losses  of  mechanical  energy  due  to  turbulent 
friction  in  dyne  cat./gm. 

Relations  between  the  various  linear  flow  rates  result  from  the  fact 
that  the  mass  rate  of  flow  is  the  same  in  all  channels.  The  mass  rate 
of  flow  is 


(7)  V - AXP  ■ i^AgP  - u^P  - UjA^P 

Hence  can  be  eliminated  from  Eq.  6 using  u^  ■ vu^  A^  / A^. 
Rearranging  Eq.  6 

(8)  Pl  - p,  . z£±  * £Sl 

' * 1 k 2 0 0 


where 


H - 


As  the  fluid  flows  from  the  cylinder  into  the  lead  tube,  the 
flow  cross-section  is  suddenly  reduced.  There  is  thus  a frictional 
loss  of  energy.  The  energy  loss  occasioned  by  a sudden  reduction  of 
cross-section  is  given  with  good  accuracy  by 


The  flow  from  the  lead  tube  into  the  jet  involves  a 90°  bend  and 
a further  reduction  of  the  flow  cross-section.  This  will  be  treated 
by  calculating  the  losses  expected  for  a sharp  90°  bend  in  a duct  of 
constant  cross- section  and  by  considering  a separate  reduction  loss. 
The  loss  due  to  sudden  reduction  of  cross-section  is  given  lby 
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The  losses  doe  to  the  90°  bend  will  be  treated  later. 

The  flow  from  the  jets  into  the  exit  tube  is  again  accompanied 
by  a sharp  90°  bend  and  either  a reduction  or  an  enlargement  of  the 
flow  cross-section.  The  loss  of  energy  due  to  the  sudden  change  of 
cross-section  after  eliminating  u^  and  using  Eq.  7 is 


The  losses  occurring  at  bends  in  a pipe  line  are  usually  calcu- 
lated on  the  assumption  that  an  effective  straight  length  of  pipe 
can  be  substituted  for  the  bend.  The  losses  due  to  turbulent  friction 
in  a straight  length  of  pipe  can  be  calculated  with  good  accuracy  by 

(lit)  p - i»  f | 

where  f is  the  Farming  friction  factor 

L is  the  total  effective  length  of  straight  pipe 
D is  the  diameter  of  the  pipe 

The  friction  factor  f is  a function  only  of  the  Reynolds  number*  It 
can  be  expressed  as 

(15)  f - O.OOlltO  + 0.125  Re"°*32 


For  the  present  case  it  is  necessary  to  estimate  an  effective  length 
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to  allow  for  the  two  90°  bends  and  to  evaluate  the  Reynolds  number. 

The  Reynolds  number  is  given  by  the  dimensionless  ratio 

(3.6)  R.  - SJi£ 

where  jj  is  the  viscosity  of  the  fluid. 

Since  the  friction  factor  is  affected  only  slightly  by  small 
changes  in  Re,  it  will  be  assumed  that  flow  conditions  in  the  jet 
represent  the  conditions  in  any  flow  section.  This  is  reasonable  since 
the  principal  losses  occur  in  the  90°  bends  and  the  bends  adjoin  either 
end  of  the  jet.  The  viscosities  of  the  liquids  to  be  considered,  i.e., 
water,  nitric  acid  and  hydrazine,  are  very  close  to  one  centipoise  at 
room  temperature.  This  value  will  then  be  used  for  all  calculations 
involving  these  materials.  The  density  of  nitric  acid  is  higher  than 
that  of  either  water  or  hydrasine  so  that  the  proper  values  will  be 
used. 

A generally  accepted  value  for  the  effective  length  equivalent 
to  a sharp  90°  bend  is  75  diameters.  The  turbulent  losses  occurring 
in  the  actual  straight  sections  will  be  estimated  to  be  equivalent  to 
eight  diameters.  Since  there  are  two  bends  equivalent  to  a total  of 
15>0  diameters  and  straight  sections  equivalent  to  about  8 diameters, 

Eq.  Ill  becomes,  eliminating  by  means  of  Eq.  7: 
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( 


( 


All  of  the  losses  can  be  substituted  into  Eq«  8 

2 


(18) 


*1  “ pl 


2 G 


(H  + B + C + J+  Ef) 


A similar  expression  for  the  flow  of  the  fluid  originally  contained  in 

the  small  cylinder  can  be  derived 

1 2 

i p \ 

(19)  pi  ’ ^ - — — (H'  + B*  + C*  + J»  + E*f«) 


u^  for  both  fluids  is  the  same  and  is  equal  to  the  rate  of  descent  of 
the  piston  system.  is  the  same  in  both  cases  since  both  fluids  pass 
through  the  same  exit  tube.  P-j_  and  P-[  in  Eq.  18  and  Eq„  19  can  be 
expressed  in  terns  of  the  driving  pressure  P with  the  help  of  Eq-  2 and 
Eq.  3.  r can  then  be  eliminated  between  the  two  resulting  equations 
and  the  final  result  is  obtained: 


It  should  be  noted  that  the  coefficient  of  P in  Eq,  20  is  the  ex- 
tent of  the  hydraulic  advantage  gained  in  having  a single  large  piston 
drive  smaller  ones,  i.e.,  it  would  require  a pressure  equal  to  or 
greater  than  + ^)]  ? in  the  interior  of  the  reactor  before 

injection  could  be  stopped.  P^  is  the  pressure  in  the  exit  tube;  it 
must  also  be  the  pressure  in  the  interior  of  the  reactor  since  the  exit 
tube  discharges  into  this  relatively  large  air  space.  In  many  of  the 
cases  to  be  considered  this  back  pressure  is  negligible  in  comparison 


2 lit 

with  the  first  term  in  Eq.  20.  The  tens  on  the  left  hand  side  of  Eg. 

20  is  essentially  the  total  pressure  drop.  The  rate  of  descent  of 
the  piston  system  would  be  proportional  to  the  square  root  of  the 
pressure  drop  except  for  the  slight  dependence  of  f and  f*  on  u^. 

For  a given  set  of  conditions,  the  injection  rate  may  be  calcu- 
lated as  follower  The  terms  involving  only  the  reactor  dimensions 
Up,  A^,  H,  H*,  B,  B»,  G,  C*,  J,  J*,  E and  Ef)  are  calculated  and 
substituted  in  Eq.  20.  The  value  of  these  terms  depends  only  upon  the 
reactant  ratio  under  consideration.  The  densities  of  the  fluids  are 
then  substituted  into  Eq.  20.  A series  of  reasonable  flow  velocities 
u-^  are  assumed.  From  these,  the  viscosities  of  the  fluids  and  the 
densities  of  the  fluids,  the  fraction  factors  f and  f * are  evaluated 
by  means  of  Eq.  17.  Using  the  assumed  value  and  the  corresponding 
friction  factors,  the  right  hand  side  of  Eq,  20  is  evaluated.  Neglect- 
ing P^f  the  value  of  P is  then  calculated  as  a function  of  the  xnjectim 
rate  u^.  The  injection  rate  is  conveniently  expressed  as  the  time 
required  for  the  piston  system  to  descend  seven-eighths  inch,  the 
stroke  used  for  most  of  the  runs.  The  injection  time  t,  in  msec., 
is  related  to  the  injection  rate  according  to  Eq.  21: 

(21)  t - 

U1 

Calculations  were  made  for  the  injection  of  water  from  both 
cylinders  for  the  one  to  one  ratio  and  the  four  to  one  ratio.  Calcula- 
tions were  also  made  for  the  mixing  of  hydrasine  and  nitric  acid  for 
all  reactant  ratios  except  the  four  to  one  ratio  with  hydrasine  in 
excess.  The  important  dimensions  of  the  injection  system  are  given 


in  Tables  1 and  2 
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Table  1.  Dimensions  of  Reactant  Cylinders,  Reactor  II 


Nominal 

volume 

ratio 

Diameter 
of  large 
cylinder, 
in  inches 

Diameter 
of  small 
cylinder, 
in  inches 

A1 

Area  of 
large 
cylinder, 
in  sq.  cm. 

V 

Area  of 
small 
cylinder, 
in  sq.  cm. 

1*  * 1 

0.502 

0.257 

1.277 

0.335 

2 : 1 

0.376 

0.257 

0.716 

0.335 

1.5  : 1 

0.3H* 

a.  257 

0.1*98 

0.335 

1 : 1 

0.31 1* 

0.3H* 

0.1*98 

0.1*98 

Table  2.  Dimensions  of  Injection  System,  Reactor  11 

Item 

Diameter, 
in  inches 

Area,  in 
sq.  cm. 

Oyabol 
for  area 

Driving  cylinder 

1.000 

5.067 

A D 

Lead  tube 

0.152 

0.117 

*2 

Jets 

0.098 

0.0l*9 

A3 

Exit  tube 

0.152 

0.117 

Al* 

The  results  of  the  calculation  of  the  driving  pressure  required 
to  obtain  the  assumed  injection  rates  for  the  water  injection  are 
shown  in  Table  3.  The  results  for  the  hydrarine,  nitric  acid  injection 
are  given  in  Table  l*.  Any  desired  pressure,  injection  rate  value  may 
be  obtained  by  graphical  interpolation  from  a plot  of  the  results  given 
in  Tables  3 and  1*. 
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Table  3*  Calculated  Values  of  the  Injection  Time  for  the 
Water  Injection 


Reactant 

ratio 

Injection  time, 
in  msec. 

Driving  pressure, 
in  lb.  per  sq.  in. 

1.0 

2310 

1.U 

1230 

1.7 

m 

2.0 

630 

2.3 

U86 

2.6 

387 

2.9 

316 

2.6 

28U0 

3.0 

2170 

3.fc 

1720 

3.8 

1390 
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Table  1*.  Calculated  Values  of  the  Injection  Time  for  the 
XLtxlc  Acid,  Qjrdrasine  Injection 


Reactant 

ratio 

Reactant 
in  excess 

Injection  time, 
in  msec. 

Driving  pressure, 
in  lb.  per  sq.  In. 

U i 1 

HHO, 

3.U 

2380 

3 

U.o 

1750 

5.0 

1160 

6.0 

822 

7.0 

617 

2 s 1 

HNO, 

1.5 

2270 

J 

2.6 

809 

U.o 

363 

1.5  * 1 

HNO- 

1.0 

1970 

3 

2.0 

536 

3.0 

251 

111 
1.5  « 1 


1.0 

2800 

2.0 

760 

3.0 

357 

1.0 

1680 

2.0 

U59 

3.0 

216 

W2HU 


1.5 

2.6 

U.O 


1780 

636 

285 
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APPENDIX  II 

FLUID  DYNAMIC  ANALYSIS  OF  GAS  FLOW  IN  THE  PNEUMATIC  INJECTOR 


The  following  analysis  is  an  attempt  to  determine  the  pressure 
drop  due  to  nitrogen  flow  in  the  pneumatic  injector  during  injection* 
The  gas  flow  will  be  assumed  to  be  steady  and  isothermal*  A schematic 
diagram  of  the  fluid  mechanical  system  is  shewn  in  Fig.  1.  During 
injection  the  flow  approximates  a steady  Joule-Thompson  expansion  from 
a constant  pressure  Pj,  to  a lower  constant  pressure  P^.  The  gas  will 
be  assumed  to  be  ideal. 

37 

It  is  shown  in  a paper  by  Beale  and  Dockaey  that  the  Bernoulli 
equation  for  the  flow  from  P^  to  P2  may  be  expanded  to  include  the 
turbulent  energy  loss  occasioned  by  the  sudden  reduction  in  cross- 
section  as  the  gas  expands  from  P^  to  P^.  Their  result  is  expressed 
in  Kq.  It 


(1) 


*2  *2 
2 G 


where  r>  are  pressure  terms  in  lb.  per  sq.  in. 
r is  the  Fanning  friction  factor 
L is  the  total  length  of  duct 
D is  the  diameter  of  the  duct 

/»2  is  the  density  of  gas  at  the  pressure  Pg,  in  gm.  per  cc. 
v2  is  the  linear  flow  velocity  at  the  point  where  the 
pressure  is  P2,  in  cm.  per  secw 
G is  68,91*7  dynes  per  sq.  cm. /lb.  per  sq.  in. 


The  density  is  related  to  the  original  density  of  gas  in  the 
storage  reservoir  according  to  Eq.  2t 

<*>  p2  - *3  if 

We  can  define  a quantity  r as  follows* 
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(3)  r 


P3 

i Substituting  Eq.  2 and  Eq.  3 into  Eq.  1 and  rearranging,  Eq.  U is 
obtained: 

(W  * 0*  1 5 * 2 111  r * 2 a * r)]  rT7  “22 


Thei  left  hand  side  of  Eq.  U can  be  simplified  through  the  perfect  gas 
law  1 


(5) 


0 p3 

^7 


R T 

H 


shew  R ■ 83.15  x 10^  dynes  cm."^,  cc.,  ■ole"'*',  °K“'J' 

T - 300°K 

M » 28.02  ga.  per  sole 


Substituting  Eq.  5 into  Eq.  U,  Eq.  6 is  obtains 


it, . 1 


(6)  V ' ** 
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Dodge  points  out  that  for  high  Telocity  flow  of  gases,  f is 
substantially  constant  at  G.QOUO*  There  are  two  90°  bends  in  the  duet 
connecting  the  gas  storage  reservoir  and  the  driving  cylinder.  Each 
bend  caui.es  a frictional  loss  of  aechanical  energy  equivalent  to  about 
75  disasters  of  straight  duct.  The  total  length  to  disaster  ratio  ie 
then  about  150.  This  treatment  neglects  the  energy  losses  due  to  flour 
through  the  actual  straight  lengths  of  duct  and  the  losses  created  by 
certain  irregularly  shaped  components  located  in  the  valve  of  the 
injector  so  that  the  result  should  be  conservative.  Substituting  these 
constants  into  Eq.  6,  we  obtain  Eq.  It 


2 In  i 


r 


(7) 


R T 1 

T ”1 

*2 
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Eq,  7 can  be  solved  for  Ug  as  a function  of  r. 

The  effective  pressure  on  the  driving  piston  P-^  is,  however,  not 
involved  in  Eq.  7*  It  is  necessary  to  relate  the  pressure  P2  to  the 
pressure  P^*  This  can  be  done  by  using  the  expression  for  the  enlarge- 
ment loss  occurring  during  flow  frosi  the  pressure  Pg  to  the  pressure  P^. 
The  generalised  expression  for  the  losses  occurring  during  a sudden 
enlargement  of  the  cross-section  is  as  follows: 


(8)  - f ^ * U1  <U1  “ *2) 

2 

p can  be  eliminated  by  means  of  the  perfect  gas  law. 


(9)  -M.  ( ^ - U]L  (ux  - Ug) 

z 


Eq*  9 can  be  integrated  and  rearranged. 


The  ratio  u^/u^  can  be  evaluated  because  of  the  equality  of  the  mass 
rate  of  flow  in  both  the  connecting  duct  and  the  driving  cylinder: 


m £ 


U2 

*1 


P1  A1 


idiere  A ■ /A2  is  the  ratio  of  the  cross-sectional  areas.  The  connecting 
duct  has  a diameter  of  0.25  inch  and  the  driving  cylinder  has  a diameter 
of  1.00  inch.  The  ratio  of  areas  is  then  equal  to  16.  We  may  define 
x as  follows: 

P2 

(32)  x m — 
pl 
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Substituting  Bq*  11  and  Eq.  12  into  Bq*  3.0,  tbs*  relation  is 

obtained: 


<U>  *J  o„  i . Ul2'16 


A simple  relation  exists  between  u2  and  u, 
lit  its  obtained* 


Evaluating  Bq.  11,  Bq. 


v-2 
« »■*) 


16 

x 


if,  toe  linear  velocity  of  descent  of  the  piston  system.  It  is 
related  to  the  tiara,  in  msec.,,  required  to  descend  s©ven»etgfeths 
inch  by  Bq*  15* 


(15) 
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The  ratio  of  the  effective  driving  p»«nrave  ^ to  the  pi«%»ure,in  the 
gap  storage  reservoir  P^  is  given  l'-y  Eq.  16: 


(16)  ~ 


r 

x 


The  procedure  used  to  calculate  P^/P^  as  a function  of  t,  the 

injection  time,  was  as  follows*  Various  values  of  t were  wpawd?  thtf 

corresponding  u~  values  were  the®,  calculated  from  Bq*  1-5 * 3Jh©  TOXTi8,i& 

[Mfeg 

x corresponding  to  the  u^  valued  ware  then  calculated  by  a trial  wjjPfe?  ^ 
error  method  using  Bq.  13.  The  corresponding  values  of  % were 

fri¥ 

determined  from  Eq.  lb.  Sb6  values  of  r war®  calculated  from  15q«.r’  "l 
for  the  various  values  of  Og*  The  final  values  of  P^P^  ware  vj  ’ f 
da  t©  mined  from  r and  x accosting  to  Eq,  16,  Ths  results  of  tj''f  ljn 
calculation  are  given  in  TaWat  1. 


’i 
i- 1 


i . 

* , , i >5 

Ei,’ 
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Table  lt  Calculated  Value  a of  tfca  Preatvure  Prop  in  th) 
Pneumatic  Injector 


Injection  time, 
ln“,c- 

Itatio  of  effective  driving 
pressure  to  applied  pressure 

1.7 

0,</y? 

2.0 

o.eia 

2.6 

0.7i*6 

3,0 

■0.792 

U.o 

0.8?0 

5.0 

0.J16 

6.0 

0.9hQ 

6.0 

0.965 

10.0 

0.977 

^'iONMHneHMie^anHMHMMvvvw; 


APPEND  IX  m / 

mismx*  wjtmms 

/ 

aethers  employed  for  -a>i&  ebemical  analysis  of  th®  various 
isi'fe  materials  are  oatUo^d  below* 


i^luhwpst&aaium 

etottgwt&eln 

m±0htt£  bottle®  mya  partially  filled  with  dried  dibutyl  ether 
au4  s!».i  ghtviW  Approad»^®2y  0.7  gnu  of  the  alloy  was  added  to  the 

bottles'^  means  of  a aisdieine  dropper  in  the  diybox.  The  neighing 

\ 

bottles  than  ^weighed  to  obtain  the  sample  weight.  The  contents 

of  mah  m tt3..ft  ?R?re  poured  into  a dry  250  ml.  Erlenmeyer  fleck,,  Sftv*7- 
\ ✓ 
other  was  \tfaeK«  &ddad.  Absolute  ethanol  was  added  dropwis©  midi  ( .1 

of  the  aX1.^',y  had  been  destroyed.  The  weighing  bottles  wero  rins- 

\ 

"*th  ethan-sy  although  no  alley  appealed  to-be  present*  tfcto:?  r . 

,o  bring  tiif/%  volume  of  solution  up  to  about  100  ml.  She  ^oJ?/ 

■hen  titrated  with  standard  0.5  H HG1  solution  to  the  $foerr. . kW,( 

JUS*.  A 

end-point.  Fire©  the  sample  weight  and  the  voOtaft  of  act'. , 


possible  to  Calculate  tfe®  apparent  molecular  rs 


alley*  The 


composition.  could  then  be  calculated  as swlnf.  that 


,y  « odium  and 


;;x>tassium  were  present, 
ill  trie  Acid 

Several  different  methods  for  sampl*’ 

v sre  given  In  the  reprint  ©f  a sw 


d tsaalyzing  fuming  nitric 


1*5 


.i'A’spcrlum.  Methods  g»ug* 
tod  in  the  reprint  included  the  v . 

- weighing  burets  to  c&apaase  ■ 

Acid  or  small  viala  containin'// 

“ ateid  to  be  fcreshen  to»sp  «»■»*>•» 


asihoda  were  not  used  ateo 
f «»•!  analyse  the  acid  actwvi: 


.■■&»  of  acre  interest  in.  this  psnaenl 


•ded  Into  the  reactor  than  it  ma  it 
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analyze  the  material  in  the  storage  flask.  Acid  was  transferred  from 
the  storage  flask  to  the  reactor  by  means  of  automatic  pipets.  The 
method  of  sampling  for  analysis  was  also  to  transfer  a sample  of  acid 
(1.5  gm.)  from  the  storage  £lask  to  a weighed  100  ml.  volumetric  flask 
by  means  of  the  automatic  pipet  in  such  a way  that  no  acid  touched  the 
narrow  portion  of  the  flask.  The  flask  was  then  covered  and  reweighed. 
The  volumetric  flask  was  immersed  in  a liquid  nitrogen  or  dry  ice  bath 
to  the  neck  of  the  flask  for  about  five  minutes.  The  flask  could  then 
1,)®  opened  and  the  solution  diluted  without  fear  of  losing  acidic  vapors. 

The  various  classification,'}  of  concentrated  nitric  acid  solutions 

defined  by  S.  F.  LaKatos  in  the  symposium  reprint.  The  classi- 
fications were  defined  as  follows  t "White  Fuming  Nitric  Acid  refers 
to  nitric  acid  of  concentrations  between  97.505?  and  99*79%  containing 
a maximum  of  oxides  of  nitrogen  of  0,5%  as  nitrogen  dioxide  (NO,,)  and 
a maximum  of  2%  of  water  (HgO) . Red  Fuming  Nitric  Acid  refers  to 
nitric  acid  of  total  acidity  values  above  100#  containing  various 
amounts  of  dissolved  oxides  of  nitrogen  which  vary  in  commercial 
products  from  6,5%  to  22%  by  weight.  Anhydrous  Nitric  Acid  refers  to 
nitric  acid  of  concentrations  from  99.8%  to  100 .5%  containing  no  more 
than  0.105?  dissolved  oxides  of  nitrogen  by  weight  as  NO  and  no  more 
thi;®  0.105?  water  by  weight." 

It  is  necessary  to  use  separate  samples  to  determine  the  concern-. 
trvAioa  of  Hno^  and  that  of  NOg.  The  procedure  for  determining  the 
total,  acidity  will  be  given  first:  To  the  frozen  sample  in  the  100 
ml.  volumetric  flask  was  added  about  10  ml.  of  water  and  almost  a 
stoichiometric  quantity  of  standard  0.7  N NaOH  solution.  The  solution 
in  th®  volumetric  flask  was  then  allowed  to  come  to  room  temperature. 
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A drop  of  phenolphthalein  indicator  solution  was  added.  Further  NaOH 
solution  was  added  until  the  solution  was  just  basic.  The  solution 
was  then  back-titrated  with  0.1  N HC1.  By  using  the  much  more  dilute 
HC1  solution,  it  was  possible  to  locate  the  end-point  very  accurately. 
The  analysis  gives  the  total  quantity  of  HNO.  and  NOg  in  the  sample 
since  the  No2  is  converted  tc  HHO^  when  the  solution  is  diluted  with 
water  in  the  presence  of  air. 

Values  of  100.2  to  100.85?  HNO^  were  consistently  obtained  for  the 
nitric  acid  prepared  by  distillation  from  sulfuric  acid,,  The  NaOH 
solution  had  been  standardized  against  reagent  grade  potassium  acid 
phthalate.  It  was  thought  possible  that  the  phthalate  wa3  impure. 

The  NaOH  was  then  standardized  against  freshly  prepared  0.7  N HC1  that 
had  been  standardized  by  gravimetric  analysis  of  the  chloride.  An 
identical  result  was  obtained  for  the  normality  of  the  NaOH  solution. 
The  high  values  of  the  HNO^  content  were  then  accepted.  It  appeared 
that  the  method  of  preparation  produced  a small  quantity  of  dissolved 

n2o?  « 

The  analysis  of  No^  in  the  fuming  nitric  acid  was  as  follows  * 

To  the  frozen  sample  in  the  volumetric  flask  was  added  an  excess  of 
standard  0.1  N ceric  sulfate  solution.  The  solution  was  then  diluted 
with  water  and  back-titrated  with  standard  0.1  N ferrous  sulfate  solu- 
tion to  the  ferroin  end-point.  The  NOg  was  oxidized  bo  NO^~  according 
to  Eq.  lr 

(1)  Ce++++  + N02  + HgO  — » Ce+++  + NO.^"  + 2 H+ 

The  ceric  sulfate  solution  was  standardized  against  arsenious  oxide 
according  to  Eq.  2: 
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(2)  As203  + 5 HgO  + U Ce++++  > 2 ^AsO^  + U Ce+++  + U H+ 

The  quantity  of  NO^  was  found  to  be  0.1156  for  a badly  colored  sample 
so  that  the  acid  used  in  the  reactor  corresponded  to  "anhydrous  nitric 
acid"  according  to  the  definition  given  above. 

Hydrazine 

Hydrazine  was  analyzed  by  the  iodate  method  of  Penneman  and 
Audrieth^  and  by  direct  acid  titration.  The  same  sampling  method  was 
used  for  hydrazine.  The  sample  (1  gnu)  was  transferred  to  a weighed 
100  ml.  volumetric  flask  by  means  of  an  automatic  pipet.  The  flask  was 
reweighed  and  immersed  in  a cold  bath.  Almost  a stoichiometric  quantity 
of  standard  0.5  N HC1  was  then  added.  The  neutralization  reaction  is 
shown  in  Eq.  3: 

(3)  + H+  — * N2H^+ 

After  reaching  room  temperature,  the  solution  was  further  titrated  with 
the  HC1  solution  to  the  methyl  red  end-point.  The  solution  in  the 
volumetric  flask  was  then  diluted  to  the  mark  with  water.  Aliquots  of 
10  ml.  were  transferred  to  250  ml.  Erlenmeyer  flasks  and  diluted  with 
50  ml.  of  water.  Concentrated  HC1,  50  ml.,  was  then  added  to  the  mix- 
ture. The  solution  was  titrated  with  0.1  H KIO^  to  the  disappearance 
of  the  red  color  of  wool  red  indicator.  The  reaction  is  expressed  by 
Eq.  ht 

(U)  + I03“  + 2 H+  + Cl”  — > Id  + N2  + 3 H20 

The  direct  acid  titration  gives  the  sum  of  the  hydrazine  and  any 
ammonia  that  might  be  present.  The  iodate  method,  however,  is  not 
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affected  'tegr  the  presence  of  ammonia*  The  combination  of  the  two  titra- 
tions gites  the  concentrations  of  both  ammonia  and  hydrazine.  No 
ammonia  wes  found  in  the  analyses  made  of  the  anhydrous  hydrazine. 

Hydrogen  Peroxide 

The  hydrogen  peroxide  (1  gm.)  was  transferred  to  a 100  ml.  volu- 
metric flialdc  by  means  of  an  automatic  pipet.  The  flask  was  then 
reweigted*-'  The  solution  was  diluted  to  the  marie  with  water.  Aliquots 
of  10  ml.  were  transferred  to  titration  flasks.  The  solution  was 
titrated  with  standard  0.1  N ceric  sulfate  solution  to  the  ferroin 
end-point.  The  reaction  is  expressed  in  Eq.  5: 

(5)  HgOg  + 2 Ce++++  — > 2 Ce+++  + 2 H+  + 0? 


APPENDIX  17 

CALCULATION  OF  ADIABATIC  FLAME  TEMPERATURES 

The  adiabatic  flame  temperatures  for  two  reactant  ratios  of  the 
hydrazine,  nitric  acid  reaction  were  calculated.  The  basic  heat  data 
are  expressed  in  Eq.  1,^  Eq,  2,1^  Eq.  3,^®  and  Eq.  Ut^® 

(1)  N2HU(1)  + 02  > N2  + 2 HgOCl)  AH-  -11*8,635 

(2)  HN03(1)  » 0.5  Ng  + 1.5  02  + 0.5  Hg  AH-  .1*1,31*9 

(3)  HgO(l)  > Hg  + 0.5  Og  aH  - 68,315 

(U)  HgO(l)  > HgO(g)  AH  - 10,503 

The  heats  of  the  reactions  are  given  in  calories  oer  mole  and  refer  to 
25°C.  Eq.  5 and  Eq.  6 result  from  obvious  combinations  of  Eq.  1 to  1*, 
inclusive  t 

(5)  HN03(1)  + N2I^(1)  — > 1.5  n2  + 0.25  o2  + 2.5  i^oCg) 


AH  « 

-115,186 

A E - 

-117, 70U 

(6) 

HN03(1)  — 

o.5  n2  + 

1.25  o2  + 

0.5  HgO 

AH  - 

12,1*1*3 

A E - 

11,110 

The  energy  change  for  each  reaction  was  calculated  frcm  the  reaction 
heats  using  the  following  relations 

(7)  A H - a E + a n R T 

The  first  step  in  the  procedure  was  to  calculate  the  heat  evolved 
by  the  hypothetical  conversion  of  the  liquid  reactants  into  nitrogen, 
oxygen  and  water  vapor  at  25°C.  It  was  also  necessary  to  calculate  the 
atomic  composition  of  the  reactants.  The  starting  materials  are  given 
below  for  the  two  reactant  ratios  under  considerations 
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Nominal  volume  ratio 

U • i 

Moles  hydrazine 

0.02321 

0.02321 

Holes  nitric  acid 

0.06$65 

0.02599 

Moles  air:  nitrogen 

0.01088 

0.01088 

oxygen 

0,00289 

0.00289 

Reactor  volume,  in  cc. 

339 

339 

The  heat  evolved  by  the  conversion  into  nitrogen 

, oxygen  and  water 

.0 

vapor  at  25  C was  calculated  using  Eq, 
along  with  the  atomic  composition: 

5 and  Eq. 

6 and  is  given  below 

Nominal  volume  ratio 

U * 1 

1.5  s 1 

Heat,  in  calories  22lt9,3 

2701.0 

Gram-atoms  N 

0.1318 

0.09U17 

Gram-atoms  0 

0.2058 

0.08375 

Gram-atcns  H 

0,1595 

0.1188 

The  partial  pressures  of  the  assumed  products  at  ary  temperature  can 
be  calculated  by  the  simultaneous  solution  of  Eq.  8 to  Eq.  10, 
inclusive! 


(8) 

- (N) 

R T 

~r 

(9) 

/ 

PHgO  + 2 po2 

- (0) 

R T 
Y 

(10) 

2V 

- (H) 

R'T 

where 

(N)  * Gram-atoms  N 

(0)  » Gram-atoms  0 

(H)  ■ Gram- at  eras  H 

The  second  step  in  the  procedure  is  to  calculate  an  approximate 
temperature.  The  number  of  moles  of  nitrogen,  oxygen  and  water  vapor 
were  first  calculated.  It  was  then  possible,  using  the  molar  energy 
content  tables  given  by  Lewis  and  von  Elbe,^®  to  find  the  temperature 
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reacted  by  the  three  couponent  mi xfeure  through  the 


^ ^ heat.  This  temperattuw  for  the  1,$  t 1 

absorptive  of  tiar6^ 


ratio  was  found  to  be  3: 

187 0°K.  This  trial  tempera**- 


o?  the  li  t 1 ratio  the  tempers t»urs  w^s 


if  higher  than  the  adiabatic  flams 

temperature  because  of  the  fact  'stoat  the  dissociation  of  i&s 
oxygen  and  mater  vapor  mere  igno:red.  The  dissccii.tion  reactions 
require  energy  thus  decreasing  the  available  energy  to  raise  the 
temperature  of  the  products. 

The  third  step  in  the  procedure  eras  to  calculate  the  quantity  of 
the  dissociation  products.  It  was  necessary  to  evaluate  the  partial 
pressures  of  the  nitrogen,  oxyijen  and  water  vapor  by  solving  Eq.  8 
to  Eq.  10,  inclusive,  using  the  trial  temperature  given  above.  The 


partial  pressure  values  were  then  substituted  into  the  expressions 
given  below  for  the  dissociation  equilibria  s 


a) 

»2*i02 

»2o 

% « 

*a  \0  p02 

b) 

OH  + ^ Hg 

!;l,o 

<. 

P0H  " 

\ \ * 

c) 

2 H 

*2 

PH  " 

K % 
c «2 

d) 

2 0 

°2 

po  ■ 

rip  i 
Kd  F02 

«) 

NO 

i o2  + i>  n2 

PN0  ,B 

K.  V \* 

f) 

NO  + \ 02 

X“" 

no2 

PN02  - 

»*  “1  p pi 
Kf  fnd  fo2 

g) 

2 N 

'C — 

N2 

PN  * 

k i p„  i 

g fl2 

The  equilibrium  constants  for  any  temperature  wars  obtained  by  graph- 

i*8 

ical  interpolation  from  the  data  given  by  Levis  aid,  von  Elbe.  The 


balance,  for  the  presence  of  the  dissociation  products.  Ms  was  done 
using  Eq.  12  to  E’q.  Ik,  inclusive: 


(12) 

(H) 

R T 

i ■ ■■  at 

7 

(2  ?h2) 

•f  rB0  + J 

so2  + 

PN 

(13) 

(0) 

R T 
7 

<p&,c  ■* 

,2  ?o2 ) * 

%>  4 

2 PN02  + P0H  + P0 

(XU) 

(H) 

R T 

St 

7 

<*  v 

> * 2 % 

* P0H 

+ PH 

The  values  of  the  dissociation  products  were  substituted  into  the 
equations.  New  values  of  the  partial  pressure  of  nitrogen,  oxygen 
and  water  vapor  were  then  obtained  so  that  a correct  material  balance 
resulted. 

The  fifth  step  of  the  procedure  was  to  correct  the  heat  balance 
for  the  heat  required  to  form  idle  dissociation  products.  It  was 
necessary  to  calculate  the  number  of  moles  of  each  dissociation 
product.  This  was  dene  using  Eq.  15,  the  calculated  partial  pressures 


and  the  trial  temperature: 

(15)  n±  - -L 

The  heat  required  to  fom  each  dissociation  product  at  25°C  from 
nitrogen,  oxygen  and  water  was  calculated  from  Eq.  16: 


| 

06)  u) 

\ HgO(g) 

" •J-  Qg  + OH 

AE 

- 38,811 

! 

i 

b) 

02  \ Ng 

> NO 

AE 

- 21,1:77 

( 

h 

c) 

H20(g) 

“ > Hg  + | Og 

AE 

- 57,502 

d) 

C\J 

hKs 

1 ^ 0 

AE 

- 58,737 

i 


I 


233 


®>  i %0(g)  -4l02  + H AE  - 80,$U$ 


■«&9«aiaBiss  


©dilated'  from  the  tables  given  ter  Lewis  and  von  Elbe* 


U8 


“ftSiS,.;  . 

the  quantity  of  Insufficient  to  affect  the  heat  balance. 

The  total  heat  required  to  fora  th^Mfg^fr-tion  products  at  2J>°G  was 
subtracted  from  the  total  heat  given  previously.  Th'l  resulting  heat 
was  available  for  heating  the  total  mixture  from  25>°C  to  the  high 
temperature. 

The  next  step  in  the  procedure  was  a repetition  of  the  second  step. 
The  adjusted  temperature  was  found  through  the  use  of  the  molar  energy 
content  tables  using  the  new  composition  that  included  the  dissociation, 
produces.  The  resulting  temperature  is  below  the  adiabatic  flame 
temperature.  The  concentration  of  the  dissociation  products  was 


evaluated  at  too  high  a temperature  so  that  the  calculated  concentra- 
tions wars  too  high.  The  heat  required  to  fora  the  dissociation 
products  was  then  too  high  leaving  too  little  heat  to  raise  the 
temperature. 

It  was  found  most  convenient  to  assume  an  intermediate  tempera- 
ture at  this  point.  It  was  necessary  also  to  estimate  the  partial 
pressure  of  oxygen,  nitrogen  and  water  vapor.  The  third  step  was  then 
repeated.  The  partial  pressures  of  the  dissociation  products  were 
then  evaluated  at  the  new  temperature.  The  fourth  step,  the  correc- 
tion of  the  material  balance,  then  showed  whether  the  correct  partial 
pressures  of  the  principal  components  had  been  assumed.  The  fifth 
step  was  then  repeated  correcting  the  original  heat  balance.  The 


second  step  was  repeated  to  check  the  assumed  temperature. 

For  the  U * 1 ratio,  only  one  additional  trial  had  to  be 
employed  to  arrive  at  the  correct  temperature  and  composition,  since 


23)4 


the  low  concentration  of  dissociation  products  did  not  seriously 
affect  the  heat  balance.  For  the  1.5  t 1 ratio,  it  was  necessary 
to  repeat  the  trial  and  error  calculation  six  tines  before  accurate 
agreement  was  obtained  between  the  assumed  temperature  and  compos!- 
tion  and  the  calculated  values.  The  values  used  for  the  final  trial 
are  given  below  t 


Nominal  reactant  ratio 

U * 1 

1.5  * i 

Trial  temperature,  in  °K 

1858 

2970 

Trial  composition,  in  atm. 

pn2 

30.13 

32.85 

% 

28.12 

7.5o 

ph20  . 

35.87 

U0.8U 

values  calculated  from  the 

trial  values  are  as 

follows} 

Nominal  reactant  ratio 

U : 1 

1.5  * l 

Temperature,  in  °K 

1859 

2977 

Composition,  in  atm. 

pn2 

30.13 

32.93 

% 

28.12 

7.50 

PH?0 

35.87 

Uo.8U 

P0H 

0.05 

2.28 

PN0 

0.38 

1.8U 

\ 

•* 

0.6U 

P0 

- 

0.30 

PH 

- 

0.11 

pno2 

0.02 

0.01 

Total  pressure,  in  atm. 

9U.55 

36.UU 

i \ 


The  agreement  of  the  trial  values  with  those  calculated  ip  within  the 
accuracy  of  the  thermodynamic  data. 
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